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REMARKS 

I. Status of the Claims 

Claims 1-27 are currently pending in the present application. Claims 12-21 and 23-25 are currently 
withdrawn. Claim 2 has been amended to correct a typographical error where two words ran together. 
Claims 2, 3, and 22 have been amended for clarity. Instead of reciting “the selectable marker and/or the 
unpaired splice donor”, the claim has been amended to “the selectable marker or the impaired splice 
donor or both”, according to the Examiner’s suggestion. Claim 1 1 has been amended to recite that the 
isolated cell is cloned in order to narrow the scope from dependent claim 4. Claims 26 and 27 have been 
amended to refer back to the cell rather than the vector. Claim 26 has been amended to correct a 
grammatical error. Accordingly, no new matter has been added with the amendment of these claims. 

II. Examiner Interview 

A. Issues in the Interview 

Applicants thank Examiner Chen for the helpful telephonic interview held with Applicants’ attorney, 
Anne Brown, on July 21 , 2008. The substance of the interview was directed to the rejection of the claims 
as not enabled. There were two bases for the rejection. The first was the Examiner’s position that a 
splice donor was necessary for producing a fusion transcript of endogenous gene and exogenous vector 
sequence. See the statement on page 6 of the Office Action. In this regard. Applicants presented three 
attachments (A., B., and C.). Attachment C was an abstract of Niwa et al. (J. Biochem., 113:343-349 
(1993)) in which a fusion transcript was produced from a vector that contained a reporter gene and a 
promoter but no splice donor. Attachment B was a schematic diagram of Niwa et al. Applicants’ 
attorney pointed out that transcription would begin from the vector promoter, proceed through the 
reporter gene, proceed into the genomic DNA, and end at a polyadenylation signal in the genomic DNA. 
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Applicants’ attorney also presented various possible configurations for the Applicants’ claimed vector in 
Attachment A. For example, in Figure A, transcription can proceed from either promoter on the vector 
and will continue through the splice donor site into a single exon or into exon 1, Accordingly, 
transcription would proceed until it reached a genomic polyadenylation signal. Then it would terminate. 
From Figure A, it is obvious that transcription need not involve splicing. Figure B has a different 
configuration of the vector and diagrams a single exon gene or exon 1. Again, two transcripts would be 
produced from either promoter, but splicing would not occur. 

Figure C shows a double exon endogenous gene where splicing can occur in two ways: (1) by splicing 
from the splice donor in exon 1 to the splice acceptor in exon 2, and (2) by splicing from the splice donor 
on the vector onto exon 2. In this case, exon 1 would be spliced out. Figure D shows a different 
configuration of Applicants’ claimed vector wherein a larger area of the transcript would be spliced out 
when splicing occurs from the splice donor on the vector to the splice acceptor on exon 2. 

But, in all cases, transcription will precede from a promoter on the vector, through the vector, into the 
genomic DNA, and will terminate when the polymerase encounters a genomic polyadenylation signal. It 
is evident from these diagrams that splicing is not necessary to produce a fusion transcript. All that is 
necessary is a promoter on the vector without an operable polyadenylation signal on the vector. This is 
exemplified by Niwa et al., which is provided in its entirety as Attachment C. 

Applicants’ attorney also discussed the statement on page 6 of the Office Action that only a retrovirus can 
integrate into the genome by non-homologous recombination. Applicants’ attorney explained that 
recombinant gene expression is based on introducing cloned genes into eukaryotic cells. A retroviral 
vector is one way. But, in most cases, DNA is not introduced on a retroviral vector. It has been well- 
known, since the 1970s, that virtually any DNA sequence can stably (and randomly) integrate into a 
genome. This include random restriction fragments. See Attachment C as an example (Niwa et al.). 
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Here, an exogenous DNA sequence stably and randomly integrates into the eukaryotic genome. It is not 
introduced by retrovirus infection. 

In the interview, the Examiner stated that it was his belief that introducing a gene into a cell was done by 
designing that gene to be on an extrachromosomal element, such as a plasmid. Applicants acknowledge 
that bacterial cloning was often done with plasmids that were replicated as extrachromosomal elements. 
This allowed easy purification of the lower density plasmid band. But, even in bacteria (which are not 
subject to retrovirus infection), exogenous DNA also integrates by non-homologous recombination into 
the bacterial genome. This occurs not only with linear plasmids introduced into the bacterial genome, but 
also with bacteriophage, for example. 

In eukaryotic cells, DNA constructs not integrated into the chromosome are eventually lost (“transient 
transformant”). However, DNA integrated into the genome becomes a stable part of the genome (“stable 
transformant”). This procedure was used for many years during the development of recombinant DNA 
and gene expression in eukaryotic cells. Exogenous DNA that was designed to be introduced into a 
eukaryotic cell and remain outside of the genome as an extrachromosomal element had to be deliberately 
manipulated not to integrate. For example, the element would have to contain an autonomously 
replicating sequence. Otherwise, it would be simply be diluted out upon cell division and would 
essentially constitute a transient transformant. 

Applicants attach Chapter 16 of a routinely-used cloning manual that is basic technical material for 
molecular biology laboratory manipulations (Attachment D). Chapter 16 discusses the introduction and 
expression of cloned genes in eukaryotic cells and presents several ways to introduce DNA that are 
unrelated to retroviruses. It is also evident from the reference list that many different kinds of vectors, 
unrelated to retroviruses, were used in these techniques. In fact, virus-mediated transduction was not 
even addressed in this chapter; the introduction indicates that viral methods of introducing DNA are in a 
separate chapter. 
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The Examiner is directed particularly to pages 16.2, 16.47, and 16.52 explaining transient and stable 
transformation with non-retroviral DNA. Page 16.4 and Figure 16.2 show transformation with plasmid 
vectors. Pages 16.14 and 16.21 show transformation with mere restriction fragments and sheared DNA 
(16.22). All these integrate randomly into the genome. 

It should also noted that stable transformants are easily detected by having a selectable marker. That 
explains the presence of a selectable or reporter gene in gene trap vectors such as Niwa et al. 

B. The References (Attachments E1-E10) 

In the interview, the Examiner requested that Applicants present evidence of random integration of non- 
retroviral DNA. The molecular cloning manual mentioned above cites several references showing DNA 
transformation by non-retroviral vectors and dating back to the 1970s and 1980s. In addition, Applicants 
have searched for other references, at the Examiner’s request, showing non-homologous integration into 
the cellular genome by non-retroviral sequences, including DNA fragments. 

Wigler et al. (Cell, 14:725-31 (1978)) was referenced in the manual. These studies show transforming a 
restriction fragment of the HSV genome containing the HSV thymidine kinase (TK) gene into cultured 
mammalian cells. As is shown, the TK gene was successfully integrated into the host cellular genome. It 
was present in high molecular weight DNA from the host cell. A secondary transformation was done 
using genomic DNA derived from the primary transformant. The TK activity could be transferred from 
the host cell genome to secondary transformants. 

Pellicer et al. (Cell, 14:133-41 (1978)) also show introducing a restriction fragment containing the TK 
gene. This, by itself, could be used to successfully stably transform other cells, indicating that the gene 
was integrated into the genome of the host cell. The reference indicates that integration is not site- 
specific and occurs at different loci in all of the transformants. 
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Pellicer et al. (Science, 209:1414-22 (1980)) again shows that transformation of a different selectable 

function can be used to stably transform a host cell. Again, the reference indicates that there were no 

unique chromosomal locations and that different lines containing the DNA show that it is integrated on 

different chromosomes. 

Gorman et al. (Science, 221:551-553 (1983)), which is cited in the molecular cloning manual, is 
cumulative with the work of the previous references. It shows that plasmid vectors carrying selectable 
markers can be introduced into eukaryotic cells where there is stable transformation. This indicates 
integration into the cellular genomic DNA. 

Gorman et al. (Philos. Trans. R. Soc. Lond. B. Biol. Sci., 307:343-346 (1984)) further expands this study 
showing stable transformation of eukaryotic cells with DNA containing single gene functions, 

Peterson and McBride (Proc. Nat’l. Acad. Sci. USA, 77:1583-87 (1980)) show DNA- mediated transfer 
of a selectable marker gene into a eukaryotic cell. The reference shows efficient transfer of cellular 
genes using purified high molecular weight DNA. The DNA sequences were not even on a plasmid. The 
reference shows stable transformation of the linked TK and GALK genes, indicating integration into the 
cellular genome. Peterson and McBride also references Wigler et al. as demonstrating that single copy 
eukaryotic genes can be transferred into mammalian cells using unffactionated total cellular DNA as 
evidenced by the successful transformation of the cellular TK gene. 

Wold et al. (Proc. Nat’l. Acad. Sci. USA, 76:5684-5688 (1979)) shows the introduction of a restriction 
fragment containing the rabbit P-globin gene into eukaryotic cells and the stable integration of this gene 
into the recipient cell genome. Figure 2 shows the presence of the globin gene in high molecular weight 
DNA from the host cell. 

Wigler et al. (Proc. Nat’l. Acad. Sci. USA, 77:3567-3570 (1980)) show the transformation into a recipient 
eukaryotic cell of a mutant DHFR gene where the gene was introduced on a restriction fragment from 
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total genomic DNA. The reference indicates that co-transforming any sequence with the DHFR gene 
should be reasonably successful. 

Wigler et al. (Proc. Nat’l. Acad. Sci. USA, 76:1373-1376 (1979)) also show successful transformation 
using unfractionated high molecular weight genomic DNA from a donor cell. They show the stable 
transformation of the DNA sequence, indicating that it stably integrated into genomic DNA. On the final 
page of the document, the authors discuss, in general, transformation with restriction endonuclease- 
cleaved DNA. 

Mulligan and Berg (Proc. Nat’l. Acad. Sci. USA, 78:2072-2076 (1981)) show the stable transformation of 
a bacterial gene into eukaryotic cells. The reference shows the DNA sequences in high molecular weight 
DNA extracted from the tranformants (Figure 6). 

All these references use the same technique: random non-viral transformation. All show that non- 
retroviral DNA can be integrated into the eukaryotic genome in a stable and random manner that does not 
necessitate using any retroviral infection protocol or any retroviral sequence. 

HI. Objections 

The typographical error in claim 2 has been corrected. Claim 1 1 has been amended to recite that the cell 
is isolated and cloned. Accordingly, Applicants have overcome the objections and respectfully request 
that they be withdrawn, 

IV. The Rejections 

A. Rejection Under 35 U.S.C. § 1 12, Second Paragraph 

On page 3 of the Office Action, claims 2-11, 22, 26, and 27 have been rejected under 35 U.S.C. § 112, 
second paragraph, on the grounds that they are indefinite. Applicants traverse the rejection. 
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Specifically, the Examiner objects that the phrase “the selectable marker and/or the unpaired splice 
donor” is indefinite. Without acquiescing in the propriety of the rejection. Applicants have adopted the 
suggestion of the Examiner, amending the claim to recite “the selectable marker or the unpaired splice 
donor or both”. Accordingly, Applicants submit that this rejection has been overcome. Reconsideration 
and withdrawal of the rejection is, therefore, respectfully requested. 

B. Rejection Under 35 U.S.C. § 1 12, First Paragraph 

On page 3 of the Office Action, claims 2-11, 22, 26, and 27 have been rejected under 35 U.S.C. § 112, 
first paragraph, on the grounds that they are not enabled. Applicants traverse the rejection. 

First, the Examiner asserts (page 6 of the Office Action) that the application does not enable generating a 
fusion transcript without splicing of a splice donor (in the vector) into a splice acceptor. Applicants 
respectfully disagree. The Exa min er is referred to the discussion above regarding the issue as discussed 
in the interview and the evidence presented. 

As an example, as Attachment A to this Response, Applicants provide Figures A and B showing that a 
fusion transcript can be produced without splicing of the splice donor into a splice acceptor. This would 
be the case when the vector integrates into a gene upstream of the first exon (rather than in an intron). 
Transcription would begin with either of the promoters on the vector and would proceed through the 
splice donor sequence on the vector and into the first exon. If the gene is a single exon gene, splicing is 
irrelevant. If the gene is a dual exon gene, there will be endogenous splicing from the splice donor on the 
first exon to the splice donor on the second exon. There may also be splicing from the splice donor on the 
vector to the splice acceptor on the second exon. But, as is evident from these diagrams, depending on 
the nature of the gene into which the vector integrates, splicing may or may not be necessary from a splice 
donor on the vector. 
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On page 6 of the Office Action, the Examiner states that retroviral vectors can integrate into the genome 
with a retroviral DNA integration process that involves certain enzymes. The Examiner then makes the 
assertion “however, the state of the art shows that a vector other than retroviral vector cannot non- 
homologously integrate into the genome of a eukaryotic cell without the presence of a splice donor and a 
splice acceptor”. Applicants respectfully disagree. The Examiner is referred to the discussion above 
regarding the issue as discussed in the interview and the evidence presented. 

Attachment C (Niwa et al.) demonstrates that a non-retrovirus vector with a promoter but not a splice 
donor can (1) integrate by non-homologous recombination and (2) produce a fusion transcript with an 
endogenous gene. Applicants have also attached Attachments D and E1-E10 showing that non- 
homologous integration can be achieved with non-retroviral DNA. 

For all these reasons, Applicants disagree with the statement on page 6 asserting that there is not 
sufficient guidance to generate a fusion transcript with one or more exons of an endogenous gene by non- 
homologous integration of a vector without the use of a splice donor. 

Based on the above discussion, Applicants respectfully submit that the grounds for rejection have been 
addressed and the rejection overcome. Reconsideration and withdrawal of the rejection is, therefore, 
respectfully requested. 

C. Rejection of the Claims on the Grounds of Double Patenting 

On pages 7-16 of the Office Action, claims are rejected over various claims in the following U.S. patents: 
7,033,782 (page 7); 6,740,503 (page 9); 6,623,958 (page 1 1); 6,602,686 (page 12); and U.S. Application 
No. 10/331,329 (page 14). Applicants respectfully traverse the rejection. 

First, Applicants bring to the Examiner’s attention that all of these patents and application are either 
divisionals or continuations of divisional from the original parent application 09/276,820 (now U.S. 
Patent No. 6,897,066). Examiner Shukla issued a Restriction Requirement in that application. Applicants 
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point out that the ‘782 patent and ‘329 application are directed to vectors that do not necessarily contain 
two promoters. The ‘503 patent is directed to expressing a gene on genomic DNA and not by integrating 
the vector into a cellular genome. The ‘958 patent is directed to using positive and negative selectable 
markers. The ‘686 patent is generically directed to a vector with two promoters, two exons, and two 
splice donors, but not directed to the specific design of the vector in the present case. The Examiner is 
respectfully directed to the original Restriction Requirement to reconsider the rejection on the grounds of 
double patenting, 

D. Rejection of the Claims Under 35 U.S.C. § 102 

On page 16 of the Office Action, claim 27 is rejected as being anticipated by U.S. Patent No. 6,139,833, 
herein the ‘ 833 patent. Applicants respectfully traverse the rejection. 

Claim 27 contains a typographical error in being directed to a vector. The claim has been amended to 
recite that the claim is directed to the cell of claim 2 or 3, where the vector contains the selectable marker 
selected from the recited group. In view of this amendment, reconsideration or withdrawal of the 
rejection is requested. 

E. Rejection of the Claims Under 35 U.S.C. § 103 

On page 17 of the Office Action, claim 26 is rejected as being obvious over U.S. Patent No. 6,139,833. 
Applicants respectfully traverse the rejection. 

Claim 26 also contains a typographical error in being directed to a vector. The claim is now directed to 
the cell of claim 2 or 3, where the promoter on the vector is selected from the group consisting of the 
specific types of promoters. In view of this amendment. Applicants submit that the grounds for rejection 
have been overcome and respectfully request withdrawal of the rejection. 
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V. Conclusion 



In \dew of the Applicants 5 amendments and discussion, Applicants believe that the pending claims are in 
condition for allowance. Early notification to that effect is respectfully requested. If it is believed that a 
further interview will expedite prosecution, the Examiner is invited to contact Applicants’ attorney Anne 
Brown at 216-566-8921. 

Applicants believe that fees for a three-month extension of time are due with this filing. Such fee is being 
simultaneously paid via electronic funds transfer with this submission. The Commissioner is hereby 
authorized to charge any additional fees required or to credit any overpayment to Deposit Account 20- 
0809. The applicant(s) hereby authorizes the Commissioner under 37 C.F.R, §1.1 36(a)(3) to treat any 
paper that is filed in this application which requires an extension of time as incorporating a request for 
such an extension. 

Respectfully submitted, 

Anne Brown 
Reg. No. 36,463 

July 28. 2008 

THOMPSON HINE LLP 
10 West Second Street 
2000 Courthouse Plaza, N.E, 

Dayton, Ohio 45402 
(216) 566-8921 

11392519.1 
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An Efficient Gene-Trap Method Using Poly A Trap Vectors and 
Characterization of Gene-Trap Events 1 

Hitoshi Niwa, Kimi A raid, 2 Shigemi Kimura, Shin-ichi Taniguchi, 3 Shoji Wakasugi, and 
Ken-ichi Yamamura ■ 

Department of Developmental Genetics, Institute of Molecular Embryology and Genetics, Kumamoto University 
School of Medicine, Kumamoto, Kumamoto 862 



Received for publication, October 5, 1992 



New trap vectors (Ul and U2) have been developed to trap genes in murine embryonic stem 
(ES) cells. ThepolyA addition signal of the neomycin phosphotransferase II {neo) gene was 
removed from these vectors so that they needed to trap an endogenous polyA signal for 
expression of the neo gene. The frequency of gene-trap events of these vectors was about five 
times higher than with the vector containing the polyA signal, and only one copy of the trap 
vector was integrated in most cases. Four out of five 5'-flanking regions of the integrated 
vector in ES cell lines were found to be novel endogenous promoters, suggesting that this 
method is efficient for trapping genes in ES cells. In two cases analyzed, large deletions or 
rearrangements spanning more than 10 kb were found in the 3' -flanking region of the trap 
vector introduced by electroporation. This result suggests that phenotypes observed in 
homozygotes with a mutated allele could be due to the disruption of a gene adjacent to the 
trapped gene, but not of the trapped gene. 



One strategy for monitoring transcriptionally active 
regions of a genome invalves use of an enhancer trap, based 
on the fact that transcription of a reporter gene containing 
a minimum promoter is activated by cellular enhancers. In 
Drosophila, the enhancer trap strategy has been used 
successfully in large-scale screening of developmentally 
regulated genes (I, 2). The /J-galactoaidase ( lacZ ) reporter 
gene provided a sensitive and easily assayable gene product 
to detect expression in whole embryos. A similar strategy 
was applied to mice, and transgenic mice carrying enhancer 
trap vectors were found to exhibit unique temporal and 
spatial patterns of lacZ expression (3, 4). To use this 
strategy effectively on a large scale in mice, lacZ reporter 
constructs were introduced into mouse embryonic stem 
(ES) ceils. However, in mice the expression of a reporter 
gene is often influenced by the integration site, and an 
enhancer is sometimes located far from a coding region. 
These features make it difficult to identify and isolate the 
mouse endogenous gene. A second type of vector which was 
designed as a gene trap was developed to clone the promoter 
or exon sequences of the endogenous gene directly. The 
gene- trap vector contains a splice acceptor instead of a 
weak promoter in front of a lacZ gene (5). Thus, gene trap 
vectors are expected to generate spliced fusion transcripts 
between the reporter gene and the endogenous gene present 
at the site of integration IS, 7). In addition, all insertions of 
the gene trap vector may result in a mutation in the host 



1 This study was supported by the Science and Technology Agency, 

with Special Coordinating Funds for Promoting Science and Technol- 
ogy, by grants from the Ministry of Education, Science and Culture pf 
Japan and by a grant from the Naito Foundation. 

Present addresses: ‘ Department of Pathology, Centre Medical 
Universitajre, 1 Rue Michel Servet, CH1211, Geneve 4, Switzerland; 
and ’First Department of Internal medicine, Tottori University 
School of Medicine, Yonngo, Tottori 683. 



genes. Overall this gene-trap strategy in embryonic stem 
(ES) cells is a powerful method because it allows isolation 
of numerous unknown genes functioning in the early stages 
of development and morphogenesis, examination of the 
expression pattern of the endogenous gene, and the obtain- 
ing of insertional mutant mice (5, 6, 8, 9). This gene trap 
method in ES cells can thus be regarded as gene-targeting 
to unknown genes, as opposed to gene-targeting to known 
genes, which is known as homologous recombination. 
Previous reports have shown that the reporter constructs 
were integrated into endogenous loci, leading to specific 
patterns of expression during development and to disrup- 
tion of the endogenous genes at the site of integration. 

Although we can expect the 5' -flanking region of the trap 
vector to remain intact, the 3' -flanking region may be 
deleted or rearranged. This may make it difficult to clone 
the disrupted gene. Furthermore, it is difficult to deduce 
the connection between the disrupted gene and phenotype 
because a gene adjacent to the integration site may also be 
disrupted. Such deletions or rearrangements were not fully 
analyzed in the previous reports. In this study we examined 
the extent of deletions or rearrangements of the 3'- flanking 
regions of the gene-trap vectors. We also attempted to 
increase the frequency of trap events over random integra- 
tions and to select ES clones in which only a single gene is 
trapped or disrupted by the trap vector. The constructs 
used in our gene trap experiments consist of promoter-less 
lacZ and neomycin phosphotransferase {neo) expression 
unit without its own polyA addition signal sequence. We 
removed polyA addition signal sequence because the neo 
gene is expected to be expressed only when the trap vector 
is integrated in such a way as to utilize the polyA addition 
signal of the endogenous gene, The results demonstrate 
that a large deletion or rearrangement spanning more than 
10 kb does occur during integration and that a gene-trap 
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vector without the polyA addition signal at the 3' -end of the 
neo gene enriches trap events in ES cells. 

MATERIALS AND METHODS 

Construction of Plasmids— We first constructed pAc- 
neoAn(— ) and pAcneoAn(+) by replacing the X hoi- Mild 
sites of pMClneo-polyA{ — ) and pMClneo-polyA( + ) (each 
purchased from Stratagene) with a 1.3-kb Xhol-HincRll 
fragment containing the chicken /Lactin promoter region. 
Then, BamHl sites of the pMClneo were converted to 
unique Xbal sites by using a Xbal linker. A 230- bp Pvull- 
Mnll fragment of CDM8 (10) containing the amber sup- 
pressor tRNA(SgfiF) gene was excised and the Mnll site 
was converted to blunt end by a standard procedure (11). 
An EcoKl- Aatll fragment of pXSP64, a derivative of 
pSP64 (Promega) in which the Xbal site was removed, was 
excised and both sites were converted to blunt ends. 
Plasmid pXSP-SupF was constructed by ligating these two 
fragments. DNA fragments used in the gene trap were as 
follows, (i) A 4.0-kb Xbal- BamHl fragment excised from 
pAGS-lueZ (12) containing the rabbit /J-globin splice 
acceptor sequence from the intron 1/exon 2 boundary, 
lacZ, and polyA addition signal sequence from SV40 largeT 
gene. The cohesive end of BamHl was converted to a flush 
end by standard procedures, (ii) A 2.2-kb Smal-BamBl 
fragment from pXSP-SupF, in which the BamHl end was 
converted to a Xhol site by using a Xhol linker, (iii) A 
2.0-kb Xhol- Xbal fragment from pAcneoAn(— ) for U2 or 
pAcneoAn( + ) for U2pA. These fragments were ligated to 
produce U2 and U2pA. U1 was constructed by removing 
the HindUL-Kpnl fragment containing the translation start 
codon of lacZ from U2. 

Cells and Electroporation — ES MS-1 cells (derived from 
C57BL/6) were cultured using mitomycin-treated STO 
feeder cells in Dulbecco’s Modified Eagle’s Medium 
(Sigma) containing 15% fetal calf serum (Sera Lab.), 0.1 
pM 2-mercaptoethanol, 110/ig/roI sodium pyruvate, 4.5 
mg/ml D-glucose, and 1,000 units/ml recombinant murine 
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Fig. 1. Construction of gene-trap vectors Ul, U2, and U2pA. 
U1 has neither the start codon of the reporter lacZ gene nor the polyA 
addition signal of the neo gene, US has only the start codon, and U3 
has both. The restriction maps of each vector are shown. Abbrevia- 
tions: SA, splice acceptor site; lacZ, /J-galactosidase gene; pA, polyA 
addition signal; SupF, t-RNA gene suppress umber mutation; Amp", 
ampirillm resistant gene; Ori, replication origin in E. coir; Acp, 
chicken y3-actin promoter; neo, neomycin phosphotransferase II gene; 

ATG, initiation codon; E, L'amlH; E, EcdSl; H, HiiuRIl; P, Pstl; Sc, 
Seal; SI, Sail; Xb, Xbal; Xh, Xhol. See “MATERIALS AND 
METHODS” for details. 
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leukemia inhibitory factor (LIF). LIP was produced by 
transient expression of murine LIF cDNA using the vector 
pCAGGS-LIF (13) in BMT-10 cells (14). Murine LIF 
. cDNA was generously provided by the Genetics Institute 
(Boston, U.S.A.), The cells were electroporated with the 
linearized DNA construct at 40 /ig/ml using a Bio-Rad 
Gene Pulser, and selected with G418 at 150 pg/m\ for 10 
days. In the transfection experiment to test promoter 
activity, undifferentiated F9 embryonal carcinoma cell 
lines were used. These cells were grown in Dulbecco’s 
Modified Eagle’s Medium supplemented with 10% fetal calf 
serum and transfected by the calcium phosphate method. 
ES MS-1 cells were induced to differentiate by incubation 
in the presence of 100 nM retinoic acid for 4 days. Cells 
were fixed in 1% glutaraldehyde and stained with X-gal as 
described. 

Production of ES Cell Chimeras— ES-B3 cells (derived 
from 129) (IS) were cultured using LS-10 cells, subclones 
of STO cells, as feeder cells. C57BL/6 blastocysts were 
inj eeted with 10 to 15 ES cells and transferred to the uterus 
of pseudopregnant ICR recipients as described previously 
( 16) . Chimeric males were mated with C57BL/6 mice and 
germline transmission was confirmed by the D3 agouti coat 
eolor and the inheritance of introduced trap vector DNA. 

Cloning of the Flanking Mouse Genomic DNA— Genomic 
DNA flanking the integrated vector from each cell line was 
isolated by the plasmid rescue method. Each genomic DNA 
was digested with appropriate restriction enzymes and 
ligated at 10 pg/ml to obtain circular molecules. These 
circularized DNAs were transformed into E. cali JM109 by 
electroporation and plated on LB/agar plates using an 
ampiciilin drug selection for the plasmids. Rescued plas- 
mids were analyzed by restriction mapping and DNA 
blotting, using standard procedures. 

3' -RACE Analysis of neo Transcription — The RACE 
strategy with several modifications was used to amplify 
cDNA sequences 3' to neo gene (17). In brief, mRNA was 
reverse-transcribed using a dTl 7 -adapter primer, 5'-GAC- 
TCGAGTCGACATCGATTTTTTTT-TTTTTTTTT- 3' ; 
and first amplification was subsequently performed using 
the adapter primer, 5'-GACTCGAGTCGACATCGAT-3', 
and the first reeo-specific primer, 5'-GCGTTGGCTACCCG- 
TGATAT-3'. Then, second amplification was performed 
using the adapter primer and second neo- specific primer, 
5'- CCATCGATTCGCAGCGCATCGCCT-3' . Amplified 
cDNA was cloned into pBlueseript KS( — ) (Stratagene) for 
sequencing. 

Nucleic Acid Hybridizations— DNA (10 pg) digested 
with appropriate restriction enzymes was size-fractionated 
on a 0,7% agarose gel in Tris/borate buffer and transferred 
to a nylon membrane (HybondN + ; Amersham) . Hybridi- 
zation of the blots with probes labeled by random-priming 
was carried out at 65’C in a mixture containing 5 X SSPE, 
5xDenhaldt's solution, 0.5% SDS, and heat- denatured 
salmon sperm DNA (100 /rg/ml). Blo.ts were washed in2X 
SSC for lOmin at room temperature and then in 0.2 X 
SSC/0.1% SDS for 50 min at 65*C, and signals were 
detected by use of BAS 2000 (Fuji) 

RESULTS 

Effects of Removal of the PolyA Addition Signal of neo — 
ES MS-1 cells were transfected by electroporation with 
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gene-trap vectors Ul, U2, and U2pA. To examine the effect 
of the absence of the polyA addition signal sequence of the 
neo gene, we introduced U2 and U2pA plasmid DNA 
linearized with Xbal into ES cells by electroporation, 
selected with G418 for 10 days, and stained with X-gal. Of 
the total G418 r colonies, 7.7% stained blue when the polyA 
addition signal was removed, in contrast to 1.1% when the 
polyA addition signal was included (Table 1-1). The result 
indicates that trapping of the endogenous polyA addition 
signal contributes to the enrichment of the gene trap by the 
reporter lacZ gene in the total G418 r colonies. When the 
polyA addition signal is removed from the neo gene, lacZ 
may be expressed under the control of the actin promoter of 
the neo gene, or the neo gene may be expressed using the 
polyA addition signal of the lacZ gene as a fusion transcript 
when more than 2 copies of the trap vector are integrated in 
tandem array. To estimate the frequency, trap vectors 
digested with Seal were introduced, selected and stained. 
Of the total G418 r colonies, 1.3% in U2 and 0.7% in U2pA 
stained blue (Table I-1J. On the other hand, ten times as 
many resistant colonies were obtained by the introduction 
of U2 linearized by Seal rather them, by Xbal. And the 
introduction of U2pA linearized by Seal rather than Xbal 
produced three times as many colonies. These results 
suggest that the neo- lacZ fusion RNA was transcribed to 
produce fusion products with neo function but not with lacZ 
function, and that single-copy integration occurs in much 
higher frequency thanmulti-copy integration. In the case of 
U2pA, the polyA addition signal of the neo gene was located 
43 bp upstream from the Xbal site and was far from the 
Seal site. Thus, the polyA addition signal could be deleted 
during integration into the host genome, leading, to the 



TABLE I. Expression of reporter gene in the trangfected ES 
cells. lxlO 7 ES cells were electroporated with 32 of linearized 
vectors, selected in 150 fig /ml of G418 and stained with X-gal after 
selection for 10 days. 



Expt. 


Transfected 


Linearized 


No. of G41S B 


No. ofX.g£l+ 


No. 


vector 


site 


colonies 


colonies 


1 


U2 


Xbal 


117 


9 (7.7%) 






Seal 


1188 


16 (1.3%) 




U2pA 


Xbal 


585 


3 (1.1%) 






Seal 


1635 


12 (0.7%) 


2 


Ul 


Xbal 


68 


11 (16.1%) 




U2 


Xbal 


48 


6 (12.5%) 


TABLE 11. Characterization of rescued 5'- flanking region. 


Olnn® 


Vector Express: 


Ion of lacZ" 


Rescued 5'- flanking region 




type Undif. 




Length (kb) Promoter activity* 


AYU-1 


U2 ++ + 


— 


2.1 


+ 


AYU-2 


U2 + + 


+ 


1.2 


+ 


AYU-3 


Ul 


+ 


3.0 




A YU-4 


Ul + 


+ + 


N.D. 


N.D. 


AYU-5 


U2 + 


- 


0.6 


+ 


AYU-6 


U2 + ■ 


- 


0.6 


+ 



“Expression of the introduced reporter lacZ gene was determined by 
staining with X.gal for 12 h. The signs indicate: — , no staining; + 
to + 4- + . increasing area of staining intensity. “Each gene trap ES 
cel! line was stained before and after differentiation by retinoic acid. 
“Each rescued plasmid containing the 5 '-flanking genomic region and 
the entire lacZ gene was introduced into F9-tk' cells. After 3 days 
these transformants were stained with X-gal to determine the 
promoter activity of the rescued region. A plus sign indicates the 
presence of staining cells, a minus sign the absence of stapling cells. 
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reduction of colonies obtained by the introduction of U2pA. 

Effect of the Presence or Absence of the Initiation Codon 
in the lacZ Gene— The Ul and U2 linearized by Xbal were 
introduced into ES cells and selected. There were three 
stop codons that fit in all reading frames in the region up to 
30 bp upstream of the translation start codon of lacZ gene 
in U2 (Fig. 4A). Consequently all translation from fusion 
transcripts are expected to terminate at these stop codons 
and be reinitiated from the start codon of the lacZ gene, 
because such termination-reinitiation was previously re- 
ported to occur in mammalian cells (IS), As the 144-bp 
region containing these stop codons and the start codon was 
excised from U2 to construct Ul, the translation of lacZ 
occurs only when the lacZ gene is fused in- frame to the 
endogenous gene. In the introou, there are no stop codons and 
two ATG codons in the same frame. But these are out- 
frame to the lacZ. Thus, the lacZ is expressed as the fusion 
product when the lacZ is directly fused in -frame to an 
endogenous gene. Of the total G418 r colonies, 16.1% in Ul 
and 12.5% in U2 stained blue (Table 1-2). When ES-D3 
cells were used, 8.3% (2/24) and 33% (14/42) of the total 
G418 r colonies stained blue in Ul and U2, respectively. 
This suggests that there was no significant difference in the 
efficiency of gene trapping between Ul and U2, and that 
any variation of efficiency in these experiments was due to 
differences in experimental conditions for electroporation, 
as reported in previous gene-targeting experiments. 

Cloning of Mouse DNA Flanking the Trap Vectors— We 
used sixteen trap lines obtained by the above experiments 
using Ul and U2 in the following analyses. Southern blots 
analysis of DNA from each cell line digested with Bamlll 
and Ns (I showed that the vector was inserted into single site 
in all sixteen lines. To determine the copy numbers inte- 
grated, PCR analysis was done using a set of primers near 
the 5'- and 3'-ends of linearized vectors. No amplified DNA 
fragment appeared in fifteen of sixteen lines suggesting 
that a Bingle copy of the vector was integrated into the 



A YU-1 AYU-2 AYU-5 AYU-6 
ma oSma mwq. 




Pig. 2. Southern blot analysis of the genome of four trapped 
BS cell lines. Genomic DMAs (10 jug) from each line were digested 
with Sad, Seal , or Pstl, run on agarose gels, blotted, and hybridized 
to lacZ probe. A single band was detected in each case, so only a single 
copy of the vector was integrated into the unique site of the genome. 
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A 

(a) (b} 

A YU-1 wild AYU-2 wild 

««n, <5 Sojeu wwo. 




(0 (d> 

AYU-5 wild AYU-6 wild 

cov^o. fflffli c/jujcl Soto. 




genome in these lines (data not shown). We rescued a 
genomic DNA fragment spanning about 600 to 3,000 bp 
flanking the 5' -end of the inserted vector by the plasmid 
rescue method from five cell lines, named AYU-1, AYU-2, 
AYU-8, A YU-5, and AYU-6, that showed expression of 
lacZ before or after induction of differentiation (Table II), 
Subeellular localization of X-gal staining was cytoplasmic 
(diffuse) in all six cases. The rescue failed in one line, 
AYU-4, in which many copies of the vector were integrat- 
ed. 

Identification of Cellular Promoters in Flanking Re- 
gions— The plasmid rescue method allows isolation of 
flanking regions connected to intact reporter genes, and the 
promoter activities of these regions can readily be esti- 
mated by re ■ introducing the rescued plasmid into appropri- 
ate cell lines and detecting transient expression of reporter 
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Fig. 3. (A) Southern blot analysis of the four trapped ES 
clones and normal ES cells. Genomic DNAs (10^g) were digested 
with Sacl, Scot, and Pstl , run on agarose gels, blotted, and hybridized 
with each rescued genomic fragment flanking the 5'-ends of the 
integrated vectors. With AYU-1 and AYU-2 probes, only single 
bands were detected in wild-type ES cells and new additional bands 
associated with the gene-trap insertion in trap lines. Multiple bands 
were detected inboth wild-type and trapped ES cells with AYU-5 and 
AYU-6. (B) Restriction maps of the AYU-1 and AYU-2 loci in 
the wild and mutant alleles. All restriction sites were determined 
by Southern blot analysis of the genomic DNA from each trapped ES 
cell line and wild-type ES cells. Abbreviations: Bl, flinl; Ps, Pstl; Sa, 
Sacl; Sc, Seal; Sp, Spel; Xb, Xbal; Xh, Xho 1. The solid bars show 
the position of probes used in these analyses. 



genes. We introduced plasmids rescued from five lines into 
undifferentiated F9 cells by the calcium phosphate method 
and stained these transfectants with X-gal after 3 days. 
Four of the five lines showed expression of reporter genes 
(Table II), suggesting that promoter elements were retain- 
ed in rescued fragments and these were sufficient for 
expression in F9 cells. These four flanking regions were 
used to probe Southern blots of DNA from each of the four 
cell lines andnon-transfectedES MS-1 cells. In the case of 
AYU-1 and AYU-2, these probes detected only one or two 
bands in normal ES MS-1 DNA and appropriate additional 
bands in each cell line DNA, suggesting that these DNA 
fragments were derived from cellular genes. On the other 
hand, the probes of AYU-5 and AYU-6 detected more than 
ten bands in normal DNA. This suggests that they were 
derived from gene families or contain repetitive sequences 
such as retrotransposon. These four flanking genomic 
DNAs were sequenced and searched for consensus pro- 
moter motifs, and in all cases typical promoter motifs were 
found.. In the flanking region of AYU-1, a typical TATA 
box, an NF-1 binding motif containing inverted repeats, an 
Sp-1 binding site, and two typical octamer binding sites 
were observed. We are most interested in thia clone 
because of the motifs in this region and the strong expres- 
sion of the reporter gene in the undifferentiated state 
followed by dramatic reduction of expression after differ- 
entiation. We are analyzing this in more detail. The 
sequence of this region will be reported separately. In the 
AYU-2 flanking region, there are two GC boxes, GGGCGG, 
at only 50-bp upstream from the integration site, and the 
AYU-6 flanking region also contains GC box -like motifs 



J. Biochem. 



24 2008 1 3 : 39/ST. 1 3 : 



6827673921 



FROM 



Efficient Gene Trap Using PolyA Trap Method 



347 



(A) p-globin/lacZ junction 

ctctagagcctctgctaaccatgctcatgccttettctttttcctBcagCTCCTGGGCA 

ACGTGCTGGTTGTTGTGCTGTCTCATCATTTTGGCAAAGAATTCCaflfiiaieGGATOIC 

Hincill 

TATAATCTCGCGCAACCTATTITrcCCrCGAACACTTTTI^GCCGlflEAimACAGGC 

TGGGACACTTCACjATgAGCGAAAAAIACATCGTCACCTGGGACATGTTGCAGATeCATG 



(C) AYU-5 

CTGCAGCACACTCCCTTXTCCTTTGGTCTSIGACCTAGCTCTTETCTGCACTGTTin'AC 
CTGACAGTATACAGTAAGCTGTICCICTGGTTCTCATCCTGCCAAGTATATTTCCACAC 
ACAAA CCCCTGCC ACAAAGGITr7GTCCAGAIGCTGCCAG' 3TAAT3 AATTTATTraTar: 
GGTArARrGGGGTCCAAGGAGBGACTAGGTGraGAAAGGaGGarArar: aT fiBfrrrr T a 



CACGTAAACTCGCAAGCCGACTGATGCCXICIGAACAATGGAAAGGCATTATrGCCGTA 

agcogtggcggtctss^^pgtsggtgaagacca 
(6) AYU-2 



gcigcqctactggjaggttgaaaacacgttagacgaaacgcaggtctcatgctgtgtgc 

TGAAGATCTGGAGTCACCCTTCTGCAAGGCACCTGGGATTGAGCCSfiSCpCTCCCTCAT 

CICGCGACGCTTCCCTGCTlA CCGCCCC ft£CCCCArr.TTTTTTTi-i-n-TTf:r;;Tarr.ar 

CTGCGTCTGCGTCCCACCCCCACcccctgctaaccatgttcatgccttcttcttttcct 



Fig. 4. Nucleotide sequence of the gene-trap splice acceptor and 
the rescued endogenous promoter regions from three gene-trap 
cell lines. (A) Nucleotide sequence of the fi-globia/lacZ junction 
region of the U2 gene-trap vector. The intron region of yB. glob in 
containing the splice acceptor site is shown in lowercase letters and 
other sequences in uppercase letters. The locZ-coding sequence was 
fused to the second exon of /S-globin, 40 codons long, derived from E. 
coli gpt gene, which contains prokaryotic promoter and 28 codons from 
E. coli trpS gene. The initiation codon of lacZ is boxed, and three stop 
codons between the splice acceptor and the initiation codon are 
underlined. In Ul, the sequence between the two arrows in the figure 
is deleted. Sequences of 6'-flanking gBnomic regions and junctions of 
integrated vectors rescued from the AYU-2 (B), AYU-5 (C), and 
AYU-6 (D) cell lines are shown. Partial sequence of the AYU-2 clone, 
1.1 kb in length, and entire sequences of AYU-5 and AYU-6 are shown. 
The jS-globin sequence of the trap vector is shown in lowercase letters 
and the genomic sequence in uppercase letters. Predicted TATA -box si 



SGCCTGGCTGACGCITACCAICCATGCGCTGGAAAGACCTACCACACAGTCATTCTTTG 
GTAAGAAGCTTGCTCCCCAGGCTTTATGGGAGATGACTTCGTACTTACCATGTCTGAAG 
T7CTGATCtTGCCTGAW»ACCCTCCCAGCACTCACTTAAGACACCTAAGAAAGCAACA 
CATAGAAACACTCAqGTCACCTGAGTTAAAGAGAGGAACXCAAGGGCTTAGTACCCGGA 
AGAGCCACCTCCTCTTCTGACTGGCAGCTCCGTGTGGAGITTCTGATTGGCTACTGAGT 
CTTGAATGACAXgagcctctgctaaccatgttcatgccttettctttttcctacag 
(D) AYU-6 

CTGCAGTCCACCTTCAGATAAATTCTACTTGGAGTGCCTTACTATCTCCTAAGCTTTAG 

TAAATCCTTTACATCATGAATCCTGCACTTTTATA'JCACAGCTTAArATl'GGATIGCTA 

CCCAGCACATGAGATGTCTTTTACAACC7CCACAAAATTAACTCCAAATGGATTCTCCA 

CCTTAACGTCAAATGCTAAGAACAGAACGTGTAGAAACTAGSACTCTCTCAGTTTGGGA 

tcctgacaaagatciitciacacacagcccaaaigctctgcacaagatgcagcccccca 

cagtgaggttattcagaggctacaggtgggtcccmagtggctagggcctcaggggacc 

TCACACG3S£j2££££25TTOCCAGTCAGICCCCG5AAAGACCCACCACACCAGTCGCGC 

tgctcagacccctgcttctccccattgtiggcagtaccctgtgctcaccatgtcgcaac- 

TTCGGAGCTTGCCTGAGCACAGTCCACAGAATCCAGCGGCAGGACAAGGAGCACAGCAC 
ACAGGCCCATTCAAGCC'IGCTCAGCGACTAATTGAAATTCGCGCCAAGGCATCCGGAAA 
AAECCilEilTTCCCTTCTGACTGGCAGGTCAGCCTAAAGGCTCrGATTGGCCAATAAGtc 
tgctaaccatgttcatgccttcttctttetcctacag 
quence is boxed and GC box-like sequences are underlined. 



near the integration site. In AYU-5, a TATA box and GC 
box-like motifs are found in the middle of the rescued 
600- bp UNA fragment. A search of the GenBank data base 
(Version 18) for these four nucleotide sequences indicated 
that these sequences were novel. In AYU-1 and AYU-2, we 
also cloned 3'-flanking regions by the plasmid rescue 
method after digestion with £coRI. 

Transcription of the Rescued Sequences — In Northern 
blot analysis using these 5' rescued regions as probes, the 
AYU-3 and AYU-5 flanking regions detected endogenous 
transcripts. In AYU-3, transcripts of approximately 1.8 -kb 
were detected in almost all adult tissues; and in AYU-6, 
2.5-kb transcripts were detected only in undifferentiated 
ES cells (data not shown). In AYU-1, transcripts of about 
10-kb were detected in adult brain, duodenum, and spleen, 
and small 8-kb transcripts were detected in testis using the 
3'-rescued region as a probe. In AYU-2, 5-kb transcripts 
were detected in almost all adult tissues (data not shown) . 
The characteristic sequence of the promoter region and the 
ubiquitous expression of endogenous transcripts suggests 
that the trap vector may be integrated into a housekeeping 
gene in AYU-2. 

Rearrangement and Deletion of Mouse Genome Near the 
Integration Sites— The expression of reporter gene in the 
trap vector means that the 5' -flanking region remains 



intact. However, deletions or rearrangements in the 3'- 
flanking region were not examined in previous reports. This 
is important because phenotypic consequences could be due 
to the disruption of other gene(s) located in the 3'-flanking 
region of the trapped gene or in another region rearranged 
during the integration of the trap vector. We addressed this 
question by examining the 3 ' -flanking region of AYU-1 and 
AYU-2. In the case of AYU-1 and AYU-2, the rescued 
genomic DNA fragments detected single bands on genomic 
Southern blots in normal ES MS-1 cells and additional 
unique bands in each respective trap line (Fig. 3A), and the 
lacZ and neo probes also detected single bands in each 
respective trap line (Fig. 2). Thus, we made restriction, 
maps of wild and mutated alleles near the integration sites 
(Fig. 3B) and compared them with each other. The results 
suggest that there were large deletions or rearrangements 
extending over more than 10 kb around the integration 
sites in these two cases. In contrast, deletions of only 2 to 20 
bp were found in the 5'- or 3'- ends of the introduced vectors 
in all six cases, as revealed by sequencing of each rescued 
plasmid (Figs. 4 and 5). 

PolyA Signal of neo Transcript— As stated earlier, the 
frequency of gene-trap events is higher in the trap vector 
without the polyA signal of the neo gene than in that with it. 
To examine whether this is due to the utilization of the 
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(A) AYU-1 




eiSe«CCCI»S«fcWiMCIC*GCCCTITC™TCaACTrtTICTCTCCC1TT*KI0GTE»*ATTCTACC!W 




CGCTTGAAWjlGCCCT'GTCCTTTCTT 



(B) AYU-2 




GCTTGICCTrAMCAAACACACGAMlTATrACACTIG?AAAAWlAq«ltMiCTIOC[SG 



Fig. 5. Nucleotide sequence of the fusion transcripts of the neo 
genes lacking their own polyA addition signal. The genomic 
regions downstream of the 3'-ends of the integrated vectors are cloned 
from AYtT-l{A) and AYU-2(B) ceil line and sequenced partially. The 
regions of the neo gene are shown in lowercase letters and the dunking 
genomic sequence in uppercase letters. The polyA addition sites found 
in cDNA of the fusion transcripts cloned by the 3'-RACE procedure 
are marked by a vertical arrow. In the case of AYU-1, two cDNA 
fragments of different length, 169 and 291 bp, were isolated . In these 
clones the polyA tail is added at different sites of the genomic region, 
suggesting that each transcript may use different genomic sequences 
as the polyA addition signal. No completely matched sequences to the 
consensus of the mammalian polyA addition signal were found in 
upstream regions of polyA addition sites in these cases. 



polyA signal of an endogenous gene, we cloned partial 
cDNA of neo transcripts by the 3' -RACE method from five 
trap clones (AYU-1, AYU-2, AYU-4, AYU-5, and AYU-6). 
In the agarose gel electrophoresis of the products from 
second cycle PCR, we detected two bands of approximately 
350 and 250 bp in AYU- 1, two bands of approximately 330 
and 310 bp in AYU-2, and one band of approximately 300 
bp in AYU-5, and these bands were recovered, digested 
with CldL, and subcloned into the Clal site of pBlueacript 
KS{— ) for sequencing. Sequence analysis revealed that 
three of the five clones had the identical sequence to the 
3'-end of the neo gene at one end and polyA at the other end, 
and unknown sequence between them. The unknown se- 
quences of two neo transcripts in AYU-1 were identical to 
the 3'- flanking genomic region of the integrated vector of 
AYU-1 cloned by the plasmid rescue method. So these 
transcripts were read through the neo gene and 3' -flanking 
genome, but there were no clear sequences completely 
matching the consensus sequence of the mammalian polyA 
addition signal, AATAAA, in this genomic region. Some 
similar sequences were found in this region but we could not 
conclude which sequence functions as the polyA addition of 
the neo transcript. We obtained the same result in the caBe 
of AYU-2. No definite band appeared in AYU-4 and 6; and 
in these cases, the neo gene may be transcribed through the 
3'-flanking genome or fused to an exon of endogenous gene 



by splicing, leading to the production of long mRNA of 
which we could not amplify the 3' -region by the 3' -RACE 
method. 

Germ-Line Transmission of Genes Trapped by PolyA 
Trap Vectors — Unfortunately the trap clones derived from 
ES MS-1 cells could not contribute to germ cells in chimeric 
mice. We also carried out the gene-trap experiment using 
the ES D3 cells. In this experiment, the cell lines estab- 
lished from the clones expressing the reporter genes in 
undifferentiated states were injected into C57BL/6 blas- 
tocysts and chimeric mice were produced, Nine out of 12 
chimeric mice, showed germ-line transmission. These 
offspring are now breeding to homozygosity to test whether 
any phenotype will appear, 

DISCUSSION 

The selective disruption of genes expressed in undiffer- 
entiated embryonic stem cells has been reported (5, 6, 8, 
9). However, isolation of developmental^ regulated genes 
that are silent in the undifferentiated state remains a 
formidable task. To avoid laborious and time-consuming 
work, we developed a new method to increase the gene-trap 
frequency by removing the polyA signal from the gene- trap 
vector. 

In previous reports of the gene trap using ES cells, 
deletions or rearrangements near the integration sites were 
not fully characterized, despite their particular importance 
in considering the relationship between the rearrange- 
ments and the mutated phenotypes. In two cases we 
demonstrated the existence of large deletions and/or 
rearrangements in the genome around the integration sites. 
Under such circumstances we could not conclude that 
abnormal phenotypes are due to the disruption of the 
trapped gene, because a gene adjacent to the trapped gene 
may also be disrupted. To solve this problem, it is neces- 
sary to use other methods of vector introduction or to 
construct a new vector. Retrovirus vector is shown to 
introduce only a single copy of the exogenous DNA into the 
host genome with small risk of DNA rearrangement. 
However, it is often laborious to obtain a high titer of 
recombinant retroviral vectors. Thus, we tried to develop a 
new trap vector which is designed to trap a polyA signal in 
addition to a promoter or an exon. By deleting the polyA 
signal from the neo gene, we can expect to select trap clones 
with minimal deletions or rearrangements and to enrich the 
trap events over random integrations. However, two 
problems may arise by using this vector, One is the pos- 
sibility of expression of the neo gene by use of (he polyA 
signal of the lacZ gene; the other is the possibility of ex- 
pression of the IpcZ gene under the actin promoter of the 
neo gene when more than two copies of the trap vector are 
integrated. The results suggest that the former could occur 
but that the latter did not. As only one copy of the trap 
vector is integrated in most cases, it is not necessary to take 
into consideration the expression of the neo gene by use of 
the polyA signal of the lacZ gene. In any case, an approxi- ■ 
mately fivefold enrichment of the trap events over random 
integrations was observed with our trap method, although 
deletions or rearrangements spanning more than 10 kb still 
existed. 

Skames et al. demonstrated that the splice acceptor site 
upstream of the reporter gene was used properly and 
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efficiently to create fusion gene products (6). But this was 
not found in our experiment, due to the loss of a consensus 
sequence required for proper splicing from the vector upon 
integration into the host genome, as confirmed by sequence 
analysis of the integrated vectors. It was found that a short 
sequence of from 2 to 20 bp was deleted from the ends of 
the integrated vectors and that the deleted region often 
contained the splice acceptor consensus sequence. Thus, it 
is necessary to add a longer sequence in front of the splice 
acceptor to retain the function. This small deletion may be 
the reason for integration of the trap vector downstream of 
the promoter region rather than the exon. In four out of five 
trap clones analyzed, trap vectors were, integrated just 
downstream, to the novel endogenous promoters. Macleod 
et al. reported a similar phenomenon with a promoterless 
neo gene (29). In this case, most insertions were shown to 
be in close proximity to CpG islands. Thi3 is consistent with 
our results. They also showed short regions of homology 
between the genomic target DNA and the construct ends, 
although we could not confirm this. Retrovirus vectors were 
also shown to have a tendency to be integrated close to the 
DNase I hypersensitive site resulting in the promoter trap 
(20, 21). The advantage of the promoter trap will be the 
creation of null alleles in most cases, because it is unlikely 
that a fusion protein will retain much of its original activity, 
and expression of the normal message from the tagged gene 
could only arise if there is alternative splicing bypassing the 
promoter trap. 

The advantage of the polyA trap method in gene- trap 
experiments will become apparent when it is combined 
with an appropriate in vitro differentiation system, direct- 
ed to specific pathways . With such a combination, we should 
be able to prescreen clones of interest and reduce the 
amount of work required for generation of chimeric mice 
using every ES clone. For example, the ES cells spontane- 
ously start to differentiate in suspension culture in the 
absence of the leukemia inhibitory factor (LIF) and form an 
embryoid body resembling an early post-implantation 
embryo {15). At least the visceral endoderm, the primitive 
ectoderm and the mesodermal precursors are differ- 
entiated in this system; so that we can analyze the genes 
involved in the differentiation of these cell lineages. 



Systematic isolation of developmental control genes via 

gene -trap events will greatly facilitate molecular under- 
standing of mammalian development. 
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A 

/V VARIETY OF strategies are available FOR THE DELIVERY of genes into eukaryotic cells. These 
techniques fall into three categories: transfection by biochemical methods, transfection by phys- 
ical methods, and virus-mediated transduction. This chapter deals with the Erst two categories; 
the third approach is covered extensively in Section 8 of Cells: A Laboratory Manual (Spector et 
al. 1998b). The choice of a particular transfection method is determined by the experimental goal 
(e.g., the type of assay to be used for screening, the ability of the cel! line to survive the stress of 
transfection, and the efficiency required of the system). 

Biochemical methods of transfection, including calcium-phosphate-mediated and diethy- 
laminoethyl (DEAE)-dextran-mediated transfection, have been used for nearly 30 years to deliv- 
er nucleic acids into cultured cells. The work of Graham and van der Eb (1973) on transforma- 
tion of mammalian cells by viral DNAs in the presence of calcium phosphate laid the foundation 
for the biochemical transformation of genetically marked mouse cells by cloned DNAs (Maitland 
and McDougall 1977; Wigler et al. 1977), for the transient expression of cloned genes in a variety 
of mammalian cells (e.g., please see Gorman et al. 1983b), and for the isolation and identification 
of cellular oncogenes, tumor-suppressing genes, and other single-copy mammalian genes (e.g., 
please see Wigler et al. 1978; Perucho and Wigler 1981; Weinberg 1985; Friend et al. 1988). More 
recently, a collection of cationic lipid (liposome) reagents has been used successfully for gene 
delivery into a wider range of cell types. In all three of these chemical methods (calcium phos- 
phate, DEAE-dextran, and cationic lipids), the chemical agent forms a complex with the DNA 
that facilitates its uptake into cells. 

Two physical methods of transfection are in common use: Biolistic particle delivery and 
direct microinjection work by perforation of the cell membrane and subsequent delivery of the 
DNA into the cell; electroporation uses brief electrical pulses to create transient pores in the plas- 
mid membrane through which nucleic acids enter. 



TRANSIEN T VS. STABLE TRANSFECTION 

Two different approaches are used to transfer DNA into eukaryotic cells: transient transfectiqn 
and stable transfection. In transient transfection, recombinant DNA is introduced into a recipi- 
ent cell line in order to obtain a temporary but high level of expression of the target gene. The 
transfected DNA does not necessarily become integrated into the host chromosome. Transient 
transfection is the method of choice when a large number of samples are to be analyzed within a 
short period of time. Typically, the cells are harvested between 1 and 4 days after transfection, and 
the resulting lysates are assayed for expression of the target gene. 

Stable or permanent transfection is used to establish clonal cell lines in which the trans- 
fected target gene is integrated into chromosomal DNA, from where it directs the synthesis of 
moderate amounts of the target protein. In general (depending on the cell types), the formation 
of stably transfected cells occurs with an efficiency that is one to two orders of magnitude lower 
than the efficiency of transient transfection. Isolation of the rare stable transformant from a 
background of nontransfected cells is facilitated by the use of a selectable genetic marker. The 
marker may be present on the recombinant plasmid carrying the target gene, or it may be carried 
on a separate vector and introduced with the recombinant plasmid into the desired cell line by 
cotransfection (for further details, please see the information panels on COTRANSFORMATION 
and SELECTIVE AGENTS FOR STABLE TRANSFORMATION). In general, all of the methods described 
below are suitable for use in transient transfection assays, and all, with the exception of DEAE- 
dextran, may be used for stable transfection. 
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TRANSFECTION METHODS 

Until recently, cloned DNA has been introduced into cultured eukaryotic cells chiefly by biochem- 
ical methods. During the past 10 years, the range of cell types that can be transfected efficiently has 
been extended with the development of liposome methods, which work well with suspension cul- 
tures, and with the use of physical methods such as electroporation and biolistic particle delivery, 
which may be used successfully with many cell lines that are resistant to transfection by other 
means. A brief summary of transfection methods is given in Table 16-1. 



TABLE 16-1 Transfection Methods 



Expression Cell 

Method Transient Stable Toxicity Cell Types Comments 



Lipid-mediated yes 

Protocol 1 



Calcium-phosphate- yes 

mediated 

Protocols 2 and 3 



DEAE-dextran- yes 

mediated 

Protocol 4 



Electroporation yes 

Protocol 5 



yes varies 






adherent cells, 
primary cell lines, 
suspension cultures 



adherent cells (CHO, 
293); suspension 
cultures 



Cationic lipids are used to create artificial mem- 
brane vesicles (liposomes) that bind DNA mole- 
cules. The resulting stable cationic complexes 
. adhere to and fuse with the negatively charged cell 
membrane (Feigner et al. 1987; Feigner et al: 1994). 
Calcium phosphate forms an insoluble coprecipi- 
tate with DNA, which attaches to the cell surface 
and is absorbed by endocytosis (Graham and van 
der Eb 1973). 



BSC-1, CV-1, and 
COS 






Positively charged' DEAE-dextran binds to negatively 
charged phosphate groups of DNA, forming aggre- 
gates that bind to the negatively charged plasma 
membrane. Uptake into the cell is believed to be 
mediated by endocytosis, which is potentiated by 
osmotic shock (Vaheri and Pagano 1965). 
Application of brief high-voltage electric pulses to a 
variety of mammalian and plant ceils leads to the 
formation of nanometer-sized pores in the plasma 
membrane (Neumann et al. 1982; Zimmermann 
1982). DNA is taken directly into the cell cytoplasm 
either through these pores or as a consequence of 
the redistribution of membrane components that 
accompanies the closure of the pores. Electropora- 
tion can be extremely efficient and may be used for 
both transient and stable transfection. 



Biolistics 
Protocol 6 



Polybrene 
Protocol 7 



yes yes no primary cell lines; Small particles of tungsten or gold are used to bind 

tissues, organs, plant DNA, in preparation for delivery into cells, tissues, 
cells or organelles by a particle accelerator system (San- 

ford et aL 1993). This process has been variously 
called the microprojectile bombardment method, 
the gene gun method, and the particle acceleration 
method. Biolistics is used chiefly to transform cell 
types that are impossible or very difficult to trans- 
form by other methods. 

yes yes varies CHO and keratinocyte The polycation Polybrene allows the efficient and 

stable introduction of low-molecular-weight DNAs 
(e.g., plasmid DNAs) into celt lines that are relatively 
resistant to transfection by other methods (Kawai 
and Nishizawa 1984; Chaney et al. 1986; Aubin et al. 
1997). The uptake of DNA is enhanced by osmotic 
shock and dimethylsulfoxide (DMSO), which may 

permeabilize the cell membrane. 
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TRANSFECTION CONTROLS 



All transfection experiments should include controls to test individual reagents and plasmid DNA 
preparations, and to test for toxicity of the gene or construct being introduced. 



Controls for Transient Expression 
Negative Controls 

In transient transfection experiments, one or two dishes of cells should be transfected with the 
carrier DNA and/or buffer used to dilute the test plasmid or gene. Typically, salmon sperm DNA 
or another inert carrier such as the vector used to construct the recombinant is transfected into 
adherent cells in the absence of the test gene. After transfection, the cultured cells should not 
detach from the dish nor become rounded and glassy in appearance. 

Positive Controls 

One or two dishes of cells are transfected with a plasmid encoding a readily assayed gene product' 
such as chloramphenicol acetyl transferase, luciferase, Escherichia coli p-galactosidase, or green 
fluorescent protein, whose expression is driven by a pan-specific promoter such as the human 
cytomegalovirus immediate early gene region promoter and enhancer. Tracer plasmids of this 
kind are available from many different commercial suppliers who sell kits containing the enzymes 
and reagents needed for detection of the encoded protein. Because the endogenous levels of these 
reporter activities are typically low, the increase in enzyme activity provides a direct indication of 
the efficiency of the transfection and the quality of the reagents used for a particular experiment. 
This control is especially important when comparing results of transfection experiments carried 
out at different times. Cotransfecting the reporter plasmid with the test plasmid or genomic DNA 
also provides a control for nonspecific toxicity in the overall transfection process. 



Controls for Stable Expression 

Negative Controls 

One or two dishes should be transfected with an inert nucleic acid such as salmon sperm DNA, 
in the absence of the selectable marker. After culturing for 2-3 weeks in the presence of the select- 
ed agent (G418, hygromycin, mycophenolic acid), no colonies should be visible. 

Positive Controls 

One or two dishes of cells should be transfected with the plasmid encoding the selectable mark- 
er in the absence of any other DNA. The number of viable colonies present at the end of the 2-3- 
week selection period is a measure of the efficiency of the transfection/selection process. A simi- 
lar number of colonies should be present on dishes into which both the selectable marker and the 
test plasmid or gene were introduced. A marked discrepancy in the number of colonies on these 
two sets of dishes can be an indication of a toxic gene product (or in rare instances of a gene prod- 
uct that enhances survival of the transfected cells). If a particular cDNA or gene proves toxic to 
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recipient cells, consider the use of a regulated promoter such as metallothionein (a Zn 2+ - or Cd 2+ - 
responsive DNA), the mouse mammary tumor virus long terminal repeat promoter (a glucocor- 
ticoid-responsive DNA), a tetracycline- regulated promoter (Gossen and Bujard 1992; Gossen et 
al- 1995; Shockett et al. 1995), or an ecdysone-regulated system (No et al. 1996). Alternatively, 
conditional alleles of some genes can be constructed (Picard et al. 1988). 



OPTIMIZATION AND SPECIAL CONSIDERATIONS 



Irrespective of the method used to introduce DNA into cells, the efficiency of transient or stable 
transfection is determined largely by the cell type that is used (please see Table 16-1). Different 
lines of cultured cells vary by several orders of magnitude in- their ability to take up and express 
exogenously added DNA. Furthermore, a method that works well for one type of cultured cell 



TABLE 16-2 Commercial Kits and Reagents for Transfection 




Manufacturer 


Website Address 


Kit/Product 


Method or Reagents 


Amersham-Pharmacia Biotech 


www.apbioteclr.com 


CellPhect Transfection Kit 


. CaP0 4 or DEAE-Dextran 


Bio-Rad 


www.biorad.com 


CytoFectene Reagent 


Cationic lipid 


CLONTECH 


www.dontech.com 


CLONfectin Reagent 
CalPhos Mammalian Kit 


Cationic lipid 
CaP0 4 


5 Prime— >3 Prime 


www.5prime.com 


Calcium Phosphate 
Transfection Kit 


CaP0 4 

DEAE-Dextran 


Invitrogen 
Life Technologies 


www.invitrogen.com 


Perfect Lipid 

Lipofectamine, Lipofectin, 
LipofectAce, Cellfectin 
Calcium Phosphate Transfection 
System 


Cationic lipid 

Cationic lipid (proprietary) 

CaP0 4 


MBI Fermentas 
Novagen 


www.fermentas.com 

www.novagen.com 


ExGen 500 


Cationic polymer 


Promega 


www.promega.com 


Transfast Transfection 
Tfo Reagents 
Transfectam 
ProFection 


Cationic lipid 
Cationic lipid 
Cationic lipid 
CaP0 4 or DEAE-Dextran 


QIAGEN 


www.qiagen.com 


SuperFect 

Effectene 

Transfection Reagent 
Selector Kit 


Activated dendrimer 
Nonliposomal lipid and DNA 
condensing agent 
Enhancer 
Both reagents 


Quantum Biotechnologies 


www.quantumbiotech.con 


a GeneSHUTTLE 20 and 40 


Cationic lipid 


Sigma Aldrich 


www.sigtna-aldrich.corn 


DEAE Dextran Kit 

Calcium Phosphate Transfection 

Escort, DOTAP, DOPE 


DEAE-Dextran 

CaP0 4 

Cationic lipid kits 


Stratagene 


www.stratagene.com 


UpoTaxi 

MBS Mammalian 
Transfection Kit 
Mammalian Transfection Kit 
Primary ENHANCER Reagent 


Liposome-mediated 
Modified CaP0 4 

CaP0 4 and/or DEAE-Dextran 
Supplemented with lipid, CaP0 4 


Wako Chemicals USA 


www.wakousa.com 


GeneTransfer HMG-1, -2 Mixture 


Liposome-mediated 
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may be useless for another. Many of the protocols described in this chapter have been optimized 
for the standard lines of cultured cells. When using more exotic lines of cells, it is important to 
compare the efficiencies of several different methods. The protocols in this chapter present com- 
monly used transfection techniques as well as methods that have proven successful with cell lines 
that are resistant to transfection by standard techniques. Commercial kits are available that pro- 
vide collections of reagents for many types of transfections (please see Table 16-2). 

Many techniques used in eukaryotic cell culture are not discussed in detail in this manual 
(for specific information on cell culture, please see Volume 1 of Cells: A Laboratory Manual 
[Spector et al. 1998a] ). In particular, it is assumed that the conditions for optimal growth and pas- 
sage of the cell lines to be used in this protocol have already been established. 



The students study molecules now, spinning models across their computer screens and splicing the 
genes of one creature into those of another. The science of genetics is utterly changed... . Sometimes 
I wonder where we have misplaced our lives. 

Andrea Barrett 
“The Behavior of the Hawkweeds” 




Protocol 1 

DNA Transfection Mediated by Lipofection 



Because a large number of variables affect the efficiency of lipofection, we suggest that the 
conditions outlined in the following protocol be used as a starting point for systematic optimiza- 
tion of the system (for further details, please see the information panel on LIPOFECTION at the 
end of this chapter). Alternatively, a protocol recommended by a commercial manufacturer of a 
particular lipofectant can be used to begin the optimization process. Once a positive signal has 
been obtained with a plasmid carrying a standard reporter gene, each of the parameters discussed 
in the information panel on LIPOFECTION maybe changed systematically to obtain the maximal 
ratio of signal to background and to minimize variability between replicate assays. From these 
results, optimal protocols can be developed to assay the expression of the genes of interest. 

To explore the suitability of a wide variety of lipids for the task at hand, we recommend pur- 
chasing an optimization kit containing a series of individual lipids or combinations of lipids. 
Examples of such kits include the Tfe Reagents Transfection Trio (Promega), PerFect Lipid 
Transfection Kit (Invitrogen), and the Transfection Reagent Optimization System (Life 
Technologies). 

The following protocol is a modification of a method provided by Mark Evans (Alexion 
Pharmaceuticals, New Haven, Connecticut). 



MATERIALS 



Buffers and Solutions 

Please see Appendix 1 for components of stock solutions, buffers, and reagents. 

Dilute stock solutions to the appropriate concentrations. 

Lipofection reagent 

As illustrated in Table 16-4 and described in the information panel on LIPOFECTION, several types of 
lipofection reagents are available. This protocol describes the use of two common lipids: 

• Lipofectin (N-[l-(2,3-dioleoyloxy)propyl]-N,N,AMriinethylammonium chloride [DOTMA]) 
(Figure 16-1). This monocationic lipid mixed with a helper lipid is usually purchased at a concen- 
tration of 1 mg/ml. DOTMA can also be synthesized with the help of an organic chemist (Feigner et 
al. 1987). If synthesized in-house, dissolve 10 mg each of dried DOTMA and the helper lipid dioleoyl 
phosphatidylethanoiamine (DOPE, purchased from Sigma) in 2 ml of sterile deionized H 2 0 in a 
polystyrene tube (do not use polypropylene tubes). Sonicate the turbid solution to form liposomes 
before diluting to a final concentration of 1 jng/ml. Store the solution at 4°C. 



16.7 




16.8 Chapter 16: Introducing Cloned Genes into Cultured Mammalian Cells 



A. DOTMA 

WW=WW\ 

ww=ww °.X,w 

T h h X h 



B. DOGS 



AMAAAAAA 

w^v A w A v^yv 




AAAArwWc „ o- , 
\AAAA=A/WY°vC°j; oA/ 

FIGURE 16-1 Structures of Lipids Used in Lipofection 

For further descriptions of each of these lipids, please see Table 1 6-4. 
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TABLE 16-3 Dimensions of Dishes Used for Ceil Culture 



Size of Plate 


Growth Area (cm 2 ) 


Relative Area 3 


Recommended Volume 


96- well 


0.32 


0.04x 


200 pi 


24-well 


1.88 


0,25x 


500 jd 


12-well 


3.83 


0.5x ' 


1.0 ml 


6-well 


9,4 


1.2x 


2.0 mi 


35-mm 


8.0 


l.Ox 


2.0 ml 


60-mm 


21 


2.6x 


5.0 ml 


10-cm 


55 


7x 


10.0 ml 


Flasks 


25 


3x • 


5.0 ml 




75 


9x 


12.0 ml 


“Relative area 


is expressed as a factor of the growth an 


?a of a 35-mm culture plate. 





* Transfectam (Spermine-5-carboxy-glycinedioctadecyL amide [DOGS]) (Figure 16-1). Polycationic 
lipids such as DOGS may be substituted for Lipofectin in the protocol. DOGS can be purchased and 
reconstituted as directed (Promega) or the lipid may be synthesized in-house to save money (Loeffler 
and Behr 1993). If synthesized in the laboratory, prepare a stock solution as follows: Dissolve 1 mg of 
polyamine in 40 pi of 96% (v/v) ethanol for 5 minutes at room temperature with frequent vortexing. 
Add 360 pi of sterile H 2 0 and store the solution at 4°G- Vortex the solution just before use. 
Polyamines, such as DOGS, do not require the use of polystyrene tubes; polypropylene tubes (i.e"., 
standard microfuge tubes) can be safely used with these reagents. Polystyrene tubes must be used 
with DOTMA, because the lipid can bind nonspecifically to polypropylene. 

NaCt (5 M) (optional) 

Use as the diluent for DOGS. 

Sodium citrate (pH 5.5, 20 mM) containing 150 mM Nad (optional) 

Use instead of sterile H 2 0 as the diluent for the plasmid DNA if DOGS is the lipofection reagent (Kichler 
et al. 1998). 

Nucleic Acids and Oligonucleotides 

Plasmid DNA 

If carrying out lipofection for the first time or if using an unfamiliar cell line, obtain an expression plas- 
mid encoding E. coli p-galactosidase or green fluorescent protein (please see the information panel on 
GREEN FLUORESCENT PROTEIN in Chapter 17). These can be purchased from several commercial 
manufacturers (e.g., pCMV-SPORT-p-gal, Life Technologies, or pEGFP-F, CLONTECH; please see 
Figures 16-2 and 16-3). 

Purify closed circular plasmid DNAs by column chromatography or ethidium bromide-CsCl gradient 
centrifugation as described in Chapter 1. Dissolve the DNAs in H 2 0 at 1 |xg/pl. 

Media 

Cell culture growth medium (complete, serum-free , and [optionall selective) 

Special Equipment 

Test tubes, polystyrene or polypropylene 

Polystyrene tubes must be used with DOTMA, because the lipid can bind nonspecifically to polypropy- 
lene. 

Tissue culture dishes (60 mm) 

This protocol is designed for cells grown in 60-mm culture dishes. If multiwell plates, flasks, or dishes of a 
different diameter are used, scale the cell density and reagent volumes accordingly. Please see Table 16-3. 

Additional Reagents 

Step 9 of this protocol may require the reagents listed in Chapter 1 7, Protocol 7. 

Cells and Tissues 

Exponentially growing cultures of mammalian cells 
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SV40 intron and 




FIGURE 16-2 pCMV-SPORT-P-gal _____ 

pCMV-SPO RT-P'gai is a reporter vector that may be used to monitor transfection efficiency. It carries the 
E. coli gene encoding fl-galactosidase preceded by the CMV (cytomegalovirus) promoter that drives high 
levels of transcription in mammalian cells. The SV40 polyadenylation signal downstream from the 0-galac- 
tosidase sequence directs proper processing of the mRNA in eukaryotic cells. (Reproduced, with permis- 
sion, from Life Technologies, Inc.) 




FIGURE 16-3 pEGFP-F ' ; ' 

pEGFP-F is a reporter vector that may be used both to monitor transfection efficiency and as a cotransfec- 
tion marker. The vector encodes a modjfied form of the green fluorescent protein, a farnesylated enhanced 
GFP (EGFP-F) that remains bound to the plasma membrane in both living and in fixed cells. The EGFP-F- 
coding sequence is preceded by the CMV (cytomegalovirus) promoter that drives high levels of transcrip- 
tion and is followed by the SV40 polyadenylation signal to direct proper processing of the mRNA in eukary- 
otic ceils. The plasmid carries sequences that allow replication in prokaryotic (pUC ori) as well as eukary- 
otic (SV40 ori) cells and markers that facilitate selection for the plasmjd in prokaryotic (kanamycin) cells as 
well as eukaryotic (neomycin) cells. The presence of EGFP-F can be detected by fluorescence microscopy. 
(Adapted, with permission, from CLONTECH.) 
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TABLE 16-4 Some Lipids Used in Lipofection 



Abbreviation 


iUPAC Name 


Type 


Product Name 


Cell Lines 
Commonly Used 
For Transfection 


DOTMA 


A' [1 (2,3 -dioleoyloxyjpropyl] -N,N,N- 
trimethylammonium chloride 


monocationic 


Lipofectin 


AS52 

H187 

mouse L cells 

NIH-3T3 

HeLa 


DOTAP 


N- [ l-(23d<oleoyloxy)propyl]-NuV,iV- 
trimethylammonium methyl sulfate 


monocation ic 


DOTAP 


HeLa 


DMRIE 


1,2- dimyristyloxypropyl-3-dimethyl- 
hydroxyethylammonium bromide 


monocationic 


DMRIE-C 


Jurkat 
CHO K1 
COS-7 
BHK-21 


DDAB 

Amidine 


dimethyl dioctadecylammonium bromide 

N-f 7 buty'l-,V'-tctradecyl 3 tetradecyl- 
aminopropionamide 


monocationic 

monocationic 


LipofectACE 

CLONfectin 


COS-7 

CHO-K1 

BHK-21 

mouse L cells 

A-431 

HEK293 

BHK-21 

HeLa 

L6 

CV-1 


DC-Cholesterol 


3p [N- (A r ',jV'-dimethy!aminoethane) 
carbamoyl] -cholesterol 


monocationic 


DC-Cholesterol 




DOSPER 


1 ,3-dioleoyloxy-2-(6-carboxyspermyl) 
propjiamide 


dicationic 


Tfx 


CHO 

HeLa 

NIH-3T3 


DOGS 


spermine-5-carboxy-glycine 

dioctadecyl-amide 


polycationic 


Transfectam 


293 

HeLa 

HepG2 

HC11 

NIH-3T3 


DOSPA 


2,3-dioleoyloxy-N-r2(sperminecarbox- 
amido)ethyl] -N,N-dimethyl- 1 -propan- 
aminium trifluoroacetate 


poiycationic 


LipofectAMINE . 


HT-29 
BHK-21 
keratinocytes 
MDCK 
■ NIH-3T3 


TM-TPS 


N,N',N' ',N" '-tetramethyl-N, N',N",N'"- 
tetrapalmitylspermine 


polycationic 


CellFECTIN 


CHO-K1 

COS-7 

BHK-21 

Jurkat 
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METHOD 



1 . Twenty-four hours before lipofection, harvest exponentially growing mammalian cells by 
trypsinization and replate them on 60 -mm tissue culture dishes at a density of 10 5 cells/dish 
(or at 5 x 10 4 cells/35-mm dish). Add 5 ml {or 3 ml for 35-mm dish) of growth medium, and 
incubate the cultures for 20-24 hours at 37°C in a humidified incubator with an atmosphere 
of 5-7% C0 2 . 

The cells should be ~75% confluent at the time of lipofection. If the cells are grown for fewer than 
1 2 hours before transfection, they will not be well anchored to the substratum and are likely to 
detach during exposure to lipid. 

2. For each 60-mm dish of cultured cells to be transfected, dilute 1-10 gg of plasmid DNA into 
100 pi of sterile deionized H 2 0 (if using Lipofectin) or 20 mM sodium citrate containing 150 
mM NaCl (pH 5.5) (if using Transfectam) in a polystyrene or polypropylene test tube. In a 
separate tube, dilute 2 50 pi of the lipid solution to a final volume of 100 pi with sterile 
deionized H 2 0 or 300 mM NaCl. 

▲ IMPORTANT When transfecting with Lipofectin, use polystyrene test tubes; do not use polypropy- 
lene tubes, because the cationjc lipid DOTMA can bind nonspecifically to polypropylene. For other 
cationic lipids, use the tubes recommended by the manufacturer. 

3. Incubate the tubes for 10 minutes at room temperature. 

4. Add the lipid solution to the DNA, and mix the solution by pipetting up and down several 
times. Incubate the mixture for 10 minutes at room temperature. 

5. While the DNA-lipid solution is incubating, wash the cells to be transfected three times with 
serum-free medium. After the third rinse, add 0.5 ml of serum-free medium to each 60-mm 
dish and return the washed cells to a 37°C humidified incubator with an atmosphere of 5—7% 

co 2 . 

It is very important to rinse the cells free of serum before the addition of the lipid- DNA liposomes. 

In some cases, serum is a very effective inhibitor of the transfection process (Feigner and Holm 
1989). Similarly, extracellular matrix components such as sulfated proteoglycans can also inhibit 
lipofection, presumably by binding the DNA-lipid complexes and preventing their interaction with 
the plasma membranes of the recipient cells. 

6. After the DNA-lipid solution has incubated for 10 minutes, add 900 pi of serum-free medi- 
um to each tube. Mix the solution by pipetting up and down several times. Incubate the tubes 
for 10 minutes at room temperature. 

7. Transfer each tube of DNA-lipid-medium solution to a 60-mm dish of cells. Incubate the 
cells for 1-24 hours at 37°G in a humidified incubator with an atmosphere of 5-7% C0 2 . 

8. After the cells have been exposed to the DNA for the appropriate time, wash them three times 
with serum-free medium. Feed the cells with complete medium and return them to the incu- 
bator. 

9. If the objective is stable transformation of the cells, proceed to Step 10. Examine the cells 
24-96 hours after lipofection using one of the following assays. 

• If a plasmid DNA expressing E. coli p-galactosidase was used, follow the steps oudined in 
Chapter 17, Protocol 7 to measure enzyme activity in cell lysates. Alternatively, carry out 
a histochemical staining assay as detailed in the panel on ADDITIONAL PROTOCOL: HIS- 
TOCHEMICAL STAINING OF CELL MONOLAYERS FOR p-GALACTOSIDASE. 

• If a green fluorescence protein expression vector was used, examine the cells with a 
microscope under 450-490-nm illumination. 



Protocol 2 



Calcium-phosphate-mediated 
Transfection of Eukaryotic Cells 
with Plasmid DNAs 



T 

I HE UPTAKE OF DNA BY CELLS IN CULTURE IS MARKEDLY ENHANCED when the nucleic acid is pre- 
sented as a coprecipitate of calcium phosphate and DNA. Graham and van der Eb (1973) initial- 
ly described this method, and their work laid the foundation for the introduction of cloned DNAs 
into mammalian cells and led directly to reliable methods for both stable transformation of cells 
and transient expression of cloned DNAs. For further details on the procedure, please see the 
information panel on TRANSFECTION OF MAMMALIAN CELLS WITH CALCIUM PHOSPHATE-DNA 
COPRECIPITATES at the end of this chapter. 

Since the publication of the original method, increases in the efficiency of the procedure 
have been achieved by incorporating additional steps, such as a glycerol shock (Parker and Stark 
1979) and/or a chloroquine treatment (Luthman and Magnusson 1983) in the transfection pro- 
tocol. Treatment with sodium butyrate has been shown to enhance the expression of plasmids 
that contain the SV40 early promoter/enhancer in simian and human cells (Gorman et al. 
1983a, b). Transfection kits, which frequently include these and other modifications to the origi- 
nal protocol, are available from a number of companies (please see Table 16-2). 

This protocol, which describes a calcium-phosphate-mediated transfection method for use 
with plasmid DNAs and adherent cells, was modified from Jordan et al. (1996), who rigorously 
optimized calcium-phosphate-based transfection methods for Chinese hamster ovary cells and 
human embryonic kidney 293 cells. Following this protocol are variations on this basic method: 

• For high-efficiency generation of stable transfectants, please see the alternative method at the 
end of this protocol. 

• For use with high-molecular-weight genomic DNAs (Protocol 3) and for use with adherent 
cells that have been released from the substratum with trypsin, please see the alternative 
method at the end of Protocol 3. 

• For use with nonadherent cells, please see the alternative method at the end of Protocol 3, 
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MATERIALS 



CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>. 

Buffers and Solutions 

Please see Appendix 1 for components of stock solutions, buffers, and reagents. 

Dilute stock solutions to the appropriate concentrations. 

CaCf (2.5 M) 

Chloroquine (100 mM) (optional) 

Dissolve 52 mg of chloroquine diphosphate in 1 ml of deionized distilled H 2 0. Sterilize the solution by 
passing it through a 0.22 -jim filter; store the filtrate in foil-wrapped tubes at -20°C. Please see Step 5. 
Giemsa stain (10% w/v) 

The Giemsa stain should be freshly prepared in phosphate-buffered saline or H 2 0 and filtered through 
Whatman No. 1 filter paper before use. 

Glycerol (15% v/v) in lx HEPES-buffered saline (optional) 

Add 15% (v/v) autoclaved glycerol to filter-sterilized HEPES-buffered saline solution just before use. 
Please see Step 5. 

2x HEPES-buffered saline 
140 mM NaCI 
1.5 mM Na 2 HP0 4 -2H 2 0 
50 mM HEPES 

Dissolve 0.8 g of Nad, 0.027 g of Na 2 HP0 4 -2H 2 0, and 1.2 g of HEPES in a total volume of 90 ml of dis- 
tilled H 2 0. Adjust the pH to 7.05 with 0.5 N NaOH <!>, and then adjust the volume to 100 ml with 
distilled H 2 0. Sterilize the solution by passing it through a 0.22-pm filter; store the filtrate in 5-ml 
aliquots at -20°C for periods of up to 1 year. 

Methanol <!> 

Phosphate-buffered saline 

The solution should be sterilized by filtration before use and stored at room temperature. 

Sodium butyrate (500 mM) (optional) 

In a chemical fume hood, bring an aliquot of stock butyric acid solution to a pH of 7.0 with 10N NaOH. 
Sterilize the solution by passing it through a 0.22-gm filter; store in 1-ml aliquots at -20°C. Please see 
Step 5. 

O.IxTE (pH 7.6) 

1 mM Tris-Cl (pH 7.6) 

0. 1 mM EDTA (pH 7.6) 

Sterilize the solution by passing it through a 0.22-pm filter; store the filtrate in aliquots at 4°C. 



Nucleic Acids and Oligonucleotides 

Plasmid DNA 

Dissolve the DNA in O.lx TE (pH 7.6) at a concentration of 25 gg/ml; 50 pi of plasmid solution is 
required per milliliter of medium. 

To obtain the highest transformation efficiencies, plasmid DNAs should be purified by column chro- 
matography (please see Chapter 1, Protocol 9) or by equilibrium centrifugation in CsCl-ethidium bro- 
mide density gradients (please see Chapter 1, Protocol 10). If the starting amount of plasmid DNA is 
limiting, then add carrier DNA to adjust the final concentration to 25 pg/mk Eukaryotic carrier DNA 
prepared in the laboratory usually gives higher transfection efficiencies than commercially available 
DNA such as calf thymus or salmon sperm DNA. Sterilize the carrier DNA before use by ethanol pre- 
cipitation or extraction with chloroform. 



Media 



Cell culture growth medium (complete and l optional } selective) 
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Special Equipment 

Tissue culture dishes (60-mm) or 12-well plates 

This protocol is designed for cells grown in 60-mm culture dishes or 12-well plates. If other multiwell 
plates, flasks, or dishes of a different diameter are used, scale die cell density and reagent volumes accord- 
ingly. Please see Table 16-3. 

Additional Reagents 

Step 6 of this protocol requires the reagents listed in Chapter 6, Protocol 10, and Chapter 7, 
Protocol 8. 



Cells and Tissues 

Exponentially growing cultures of mammalian cells 



METHOD 



1 . Twenty-four hours before transfection, harvest exponentially growing cells by trypsinization 
and replate them at a density of 1 x 10 5 to 4 x 10 5 cells/cm 2 in 60-mm tissue culture dishes or 
12-well plates in the appropriate complete medium. Incubate the cultures for 20-24 hours at 
37°C in a humidified incubator with an atmosphere of 5-7% C0 2 . Change the medium 1 
hour before transfection. 

To obtain optimum transfection frequencies, it is important to use exponentially growing cells. Cell 
lines used for transfection should never be allowed to grow to >80% confluency. 

2. Prepare the calcium phosphate-DNA coprecipitate as follows: Combine 100 pi of 2.5 M CaCl 2 
with 25 p,g of plasmid DNA in a sterile 5-ml plastic tube and, if necessary, bring the final vol- 
ume to 1 ml with O.lx TE (pH 7.6). Mix 1 volume of this 2x calcium-DNA solution with an 
equal volume of 2x HEPES-buffered saline at room temperature. Quickly tap the side of the 
tube to mix the ingredients and allow the solution to stand for 1 minute. 

The precipitation reaction mixture can be doubled or quadrupled in volume if a larger number of 
cells are to be transfected. Normally, 0. 1 ml of the calcium phosphate-DNA coprecipitate is added 
per 1 ml of medium in the culture dish, well, or flask. 

3. Immediately transfer the calcium phosphate-DNA suspension into the medium above the 
cell monolayer. Use 0. 1 ml of suspension for each 1 ml of medium in a well or 60-mm dish. 
Rock the plate gently to mix the medium, which will become yellow-orange and turbid. Carry 
out this step as qtiickly as possible because the efficiency of transfection declines rapidly once 
the DNA precipitate is formed. If the cells will be treated with chloroquine, glycerol, and/or 
sodium butyrate, proceed directly to Step 5. 

In.some instances, higher transfection frequencies are achieved by first removing the medium and 
then directly adding the calcium phosphate-DNA suspension to the exposed cells. Thereafter, 
incubate the cells for 15 minutes at room temperature, and then add medium to the dish. 

4. Transfected cells that will not be treated with transfection facilitators should be incubated at 
37°C in a humidified incubator with an atmosphere of 5-7% CO r After 2-6 hours incuba- 
tion, remove the medium and DNA precipitate by aspiration. Add 5 ml of warmed (37°C) 
complete growth medium and return the cells to the incubator for 1-6 days. Proceed to Step 
6 to assay for transient expression of the transfected DNA, or proceed directly to Step 7 if the 
objective is stable transformation of the cells. 
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5. The uptake of DNA can be increased by treatment of the cells with chloroquine in the pres- 
ence of the calcium phosphate-DNA coprecipitate or exposure to glycerol and sodium 
butyrate following removal of the coprecipitate solution from the medium. 

Treatment of cells with chloroquine 

Chloroquine is a weak base that is postulated to act by inhibiting the intracellular degrada- 
tion of the DNA by lysosomal hydrolases (Luthman and Magnusson 1983). The concentra- 
tion of chloroquine added to the growth medium and the time of treatment are limited by 
the sensitivity of the cells to the toxic effect of the drug. The optimal concentration of chloro- 
quine for the cell type used should be determined empirically (please see the information 
panel on CHLOROQUINE DIPHOSPHATE). 

a. Dilute 100 mM chloroquine diphosphate 1:1000 directly into the medium either before 
or after the addition of the calcium phosphate-DNA coprecipitate to the cells. 

b. Incubate the cells for 3-5 hours at 37°C in a humidified incubator with an atmosphere of 
5-7% CO r 

Most cells can survive in the presence of chloroquine for 3-5 hours. Cells often develop a 
vesicularized appearance during treatment with chloroquine. 

c. After the treatment with DNA and chloroquine, remove the medium, wash the cells with 
phosphate-buffered saline, and add 5 ml of wanned complete growth medium. Return 
the cells to the incubator for 1-6 days. Proceed to Step 6 to assay for transient expression 
of the transfected DNA, or proceed directly to Step 7 if the objective is stable transfor- 
mation of the cells. 

Treatment of cells with glycerol 

This procedure may be used following treatment with chloroquine. Because cells vary wide- 
ly in their sensitivity to the toxic effects of glycerol, each cell type must be tested in advance 
to determine the optimum time (30 seconds to 3 minutes) of treatment. 

a. After cells have been exposed for 2-6 hours to the calcium phosphate-DNA coprecipitate 
in growth medium (± chloroquine), remove the medium by aspiration and wash the 
monolayer once with phosphate-buffered saline. 

b. Add 1.5 ml of 15% glycerol in lx HEPES-buffered saline to each monolayer, and incubate 
the cells for the predetermined optimum length of time at 37°C. 

c. Remove the glycerol by aspiration, and wash the monolayers once with phosphate- 
buffered saline. 

d. Add 5 ml of warmed complete growth medium, and incubate the cells for 1-6 days. 
Proceed to Step 6 to assay for transient expression of the transfeCted DNA, or proceed 
directly to Step 7 if the objective is stable transformation of the cells. 

Treatment of cells with sodium butyrate 

The mechanism through which sodium butyrate acts is not known with certainty; however, 
the compound is an inhibitor of histone deacetylation (Lea and Randolph 1998), which sug- 
gests that treatment may lead to histone hyperacetylation and a chromatin structure on the 
incoming plasmid DNA that is predisposed to transcription (Workman and Kingston 1998). 
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a. Following the glycerol shock, dilute 500 mM sodium butyrate directly into the growth 
medium (Step d, treatment of cells with glycerol). Different concentrations of sodium 
butyrate are used depending on the cell type. For example: 

CV-1 10 mM 

NIH-3T3 7 mM 

HeLa 5 mM 

CHO 2 mM 

The correct amount for other cell lines that may be transfected should be determined empir- 
ically. 

b. Incubate the cells for 1-6 days, Proceed to Step 6 to assay for transient expression of the 
transfected DNA, or proceed directly to Step 7 if the objective is stable transformation of 
the cells. 

6. To assay the transfected cells for transient expression of the introduced DNA, harvest the cells 
1-6 days after transfection. Analyze RNA or DNA using hybridization. Analyze newly syn- 
thesized protein by radioimmunoassay, by immunoblotting, by immunoprecipitation fol- 
lowing in vivo metabolic labeling, or by assays of enzymatic activity in cell extracts. 

To minimize dish-to-dish variation in transfection efficiency, it is best to (i) transfect several dish- 
es with each construct, (ii) trypsinize the cells after 24 hours of incubation, (iii) pool the cells, and 
(iv) replate them on several dishes. 

7, To isolate stable transfectants: 

a. Incubate the cells for 24-48 hours in nonselective medium to allow time for expression 
of the transferred gene(s). 

b. Either trypsinize and replate the cells in the appropriate selective medium or add the 
selective medium directly to the cells without further manipulation. 

c. Change the selective medium with care every 2-4 days for 2-3 weeks to remove the debris 
of dead cells and to allow colonies of resistant cells to grow. 

d. Clone individual colonies and propagate for assay (for methods, please see Jakoby and 
Pastan 1979 or Spector et al. 1998b [Chapter 86 of Cells: A Laboratory Manual]). 

e. Obtain a permanent record of the numbers of colonies by fixing the remaining cells with 
ice-cold methanol for 15 minutes followed by staining with 10% Giemsa for 15 minutes 
at room temperature before rinsing in tap water. 

The dilution at which the transfected cells should be replated to yield well-separated colonies 
is determined by the efficiency of stable transformation, which can vary over several orders of 
- magnitude (e.g., please see Spandidos and Wilkie 1984). The efficiency is dependent on the 
recipient cell type (significant differences have been observed even between different clones 
or different passage numbers of the same cell line [Corsaro and Pearson 1981; Van Pel et al. 
1985]), the nature of the introduced gene and the efficacy of the transcriptional control sig- 
nals associated with it, and the amount of DNA used in the transfection. 
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ALTERNATIVE PROTOCOL: HIGH-EFFICIENCY CALCIUM-PHOSPHATE-MEDIATED 
TRANSFECTION OF EUKARYOTIC CELLS WITH PLASMID DNAS 

A modification of the classical calcium phosphate transfection method that greatly enhances the efficiency of 
the procedure was developed by Hirolo Okayama and colleagues (C hen and Okayama 1 987, 1988): Their 
method works particularly well when stable transfectants are to be isolated using supercoiled plasmid DNAs 
and differs from the classical procedure in that the calcium phosphate-DNA coprec ipitate is allowed to form 
in the tissue culture medium during prolonged incubation (15-24 hours) under controlled conditions of pH 
■(6.96) and reduced C(") 2 tension (2^-4%). 



Variables Affecting the Efficiency of Transfection 

Variables that affect-transfecliori include the purity, form, and amount ofthe DNA; the pH of the 2* BES. buffer; , 
and the. concentration of CO.;, in the incubator. 

• Impure plasmid DNAs transfect poorly because ol the inhibitory effetls of bacterial contaminants, for this 
i rs, tii jest r sul >r c « v . rupulou < i i ' \ ) ably; purified thrr. >' pccinlized 

chromatography"'nesins or two rounds of CsCI ccntrrfugafion (please see Chapter 1, Protocols 9 and 10) If 
necessary', the plasthid can be further purified by pheaiol diloruform extraction in the presence ofl % (w/v) 



• Linear DNAs yield very low minsfonnation frequencies, perh.ips because (lie slow formation < >f tlv - all i- 
um phosphate-DNA roprecipilale leaves the DNA exposed foi long periods of time to cell nucleases. 

• the n.ituie of ihe precipitate is .1IU1 iKI by the amount of DNA used. A transition (visible under the micro- 
scope) from a coarse precipitate t. > a lux- piecipiidli? occurs at the optimal DNA corn enti ation (usually 2-3 
Ltg/ml in the growth' medium).- The optimum DNA concentration encompasses a narrow range and should 
be determined empirically for individual cell lines. 

: I he slow formation of Ihe calcium phosphate- -DNA coprecipitate requires a slightly acidic pH and ina 
lion in an atitjoSphcre containing low concentrations of GO, The pH curve is very shaip with a dear 1 
defined optimujh at 6.96, whereas the CO ? cnncentra'tidh js optimal between 2% and 4% 

. - Chen and Okayama 1 1987) reported that this ineUiod could lx* used for transient analysis of gene expi 
sion and that the simultaneous introduction of two or more plasmids reduced the overall elliciency of trar 
lection. The overall frequency was still much higher lh.m dial obtained with other calcium phosphate met 
ods When cotransfecting with a selectable marker, it is usually necessary to optimize the system usin 
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2. Mix 2D- 30 jig of superhelical plasmid DNA with 0.5 ml of 025 M CaCI 2 Add 0.5 ml of 2x BES-bufForcd 
saline (BBS) and incubate the mtxtiue for 1 0-20 minutes at room temperature. Do not expert a visible pre- 
cipitate to foim dunng this lime 

}. Add the CaCt^-DNA BBS solution diopwise to the disbpsOf cells, swirling gently to mix well: Incubate the 
cultures for 1 5-24 hours at 37T in a humidified incubator in an atmosphere of CO,. ' 

»• Remove (he medium by aspiration, and rinse the cells twice with medium. Add 10 ml of npnseletlive medi- 
um, and incubate the cultures tor 18-24 hours at MX in a humidified incubatoi in an atmosphere of 5% 

... CO - 

i. following I tv 24 hours ot incubation in i.ionseloctive medium, to allow expression ol the transfected 'gene(s) 
.to (xrut, trypsimze and replate the cells in; tile appropriate selective medium Change the selertivc medi- 
um wilh care evoiy 2-4 days for 2-3 weeks to remove the debris of dead .cells and do allow colonies of 
resistant cells lo grow. 

The di lution at winch (he transfected cells should be replated 



- erticiency ofcstatitelransfomttation, winch can vary O’ 

Wilkie I%4) I be efficiency is dependent on the renpient c< 

;> Ix.iween different clones oi different passage numbers "of tlx. 

. al. 1 9851); the nature of the mtnxJuaxt gene and the efficacy of i 
, : and the amount of donor DNA used in the transfection - ; 



l| ’ n s i lined t 

sfilf magnitude (eg., please see: Spandidos.and , 
Idiff es'.h been ob edfeven'' 
• ICorsaro and Pearson 1981; Van Pel et 
anal contml'sigiuls associated ivilh it; 





Protocol 3 



Calcium-phosphate-mediated 
Transfection of Cells with 
High-molecular-weight 
Genomic DNA 



M AMMAUAN GENES have BEEN SUCCESSFULLY ISOLATED by transfecting cultured mammalian 
cells with genomic DNA, followed by selection for the gene of interest. This includes dominant 
cellular oncogenes, genes that encode cell surface molecules, and, as selection/identification 
strategies and techniques have improved, genes that encode intracellular proteins. Target genes 
are recovered from the chromosomal DNA of stably transfected cells by virtue of their species- 
specific repetitive DNA elements or by linkage to cotransfected plasmid DNAs. 

The method outlined below is a modification of the calcium phosphate procedure described 
by Graham and Van der Eb ( 1973), using high-molecular-weight genomic DNA instead of plas- 
mid DNA. The procedure works especially well to generate stable lines of cells carrying transfect- 
ed genes that complement mutations in the hosts’ chromosomal genes (Sege et al. 1984; Kingsley 
et al. 1986). This protocol was supplied by P. Reddy and M. Krieger (Massachusetts Institute of 
Technology). 



MATERIALS 



Buffers and Solutions 

Please see Appendix 1 for components of stock solutions, buffers, and reagents. 
Dilute stock solutions to the appropriate concentrations. 

CaC/ 2 (2 M) 

Sterilize by filtration, and store frozen as 5-ml aliquots. 

Glycerol (15% v/v) in 7x HEPES-buffered saline 

Add 15% (v/v) autoclaved glycerol to filter-sterilized HEPES-buffered saline solution just before use. 
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HEPES-buffered saline 

2 1 rnM HEPES . 

0.7 mM Naj rPO^ 

137 mM Nad 
5 mM KCf 
6-mM dextrose 

Adjust the pH of the solution to 7.10. Sterilize the solution by filtration and store frozen in 25-50-ml 
aliquots. Thaw a fresh aliquot before each transfection and check the pH of a small volume. Readjust pH 
if necessary to 7,10. 

Isopropanol 
NaCl (3 M) 

Sterilize by filtration, and store at room temperature. 

Nucleic Acids and Oligonucleotides 

Genomic DNA 

Prepare high-molecular-weight DNA in TE from appropriate cells as described in Chapter 6, Protocol 3. 
Dilute the DNA to 100 pg/ml in TE (pH 7.6). Approximately 20-25 pg of genomic DNA is required to 
transfect each 90-mm plate of cultured cells. 

The genomic DNA must be sheared to a size range of 45-60 kb before using it to transfect cells (please 
see Steps 2 and 3). The appropriate conditions for shearing the genomic DNA are best determined in 
preliminary experiments as follows; Shear 2-ml aliquots of high-molecular- weight DNA by passing each 
aliquot through a 22-gauge needle'for a different number of times (e.g., three, four, five, or six times). 
Examine the DNA by electrophoresis on a 0.6% (w/v) agarose gel followed by staining with either ethid- 
ium bromide or SYBR Gold. As markers, use monomeric and dimeric forms of linear bacteriophage X 
DNA. To optimize the remaining steps, sheared DNA of the proper size should then be taken through 
Step 9 of the protocol using dishes without cells. 

Plasmid with selectable marker 

Optional, please see notes to Steps 3 and 12. 

Media 



Cell culture growth medium (complete and selective) 

Special Equipment 

Polyethylene tubes (12-ml) 

Shepherd's crook 

Siliconized glass Pasteur pipette containing a hook at the end. 

Tissue culture dishes ( 90-mm) 

Cells and Tissues 

Exponentially growing cultures of mammalian cells 

METHOD 



1. On day 1 of the experiment, plate exponentially growing cells (e.g., CHO cells) at a density 

of 5 x 10 5 cells per 90-mm culture dish in appropriate growth medium containing serum. 
Incubate the cultures for ~ 16 hours at 37°C in a humidified incubator with an atmosphere 
of 5% C0 2 . - 

2. On day 2, shear an appropriate amount of high-molecular- weight DNA into fragments rang- 
ing in size from 45 kb to 60 kb, bypassing it through a 22 -gauge needle for the predetermined 
number of times (please see the note to the Genomic DNA entry above in Materials). 

Cells should be transfected with 20-25 ug of genomic DNA per 90-mm dish. 
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3. Precipitate the sheared DNA by adding 0. 1 volume of 3 M NaCl and 1 volume of isopropanol. 
Collect the DNA on a Shepherd’s crook. Drain the precipitate briefly against the side of the 
tube and transfer it to a second tube containing HEPES-buffered saline (1 ml per 12-15 jig 
of DNA). Redissolve the DNA by gentle rotation for 2 hours at 37°C. Make sure that all of the 
DNA has dissolved before proceeding. 

When cotransfecting with a selectable marker {please see the note below Step 12), add to the 
genomic DNA a sterile solution of the appropriate plasmid to a final concentration of 0.5 pg/ml. 

4. Transfer 3-ml aliquots of sheared genomic DNA into 12-ml polyethylene tubes (one aliquot 
per two dishes to be transfected). 

The number of dishes required and transfectants obtained will vary from one cell line to another 
and on the efficiency of the selection method. As a guide, -15-20 dishes of CHO cells must be 
transfected to obtain 3—10 stable transformants. 

5. To form the calcium phosphate-DNA coprecipitate, gently vortex an aliquot of sheared 
genomic DNA, and add 120 pi of 2 M CaCl 2 in a dropwise fashion. Incubate the tube for 
15-20 minutes at room temperature. 

The solution should turn hazy, but it should not form visible clumps of precipitate. 

6. Aspirate the medium from two dishes of cells (from Step 1) and gently add 1.5 ml of the cal- 
cium phosphate-DNA coprecipitate to each dish. Carefully rotate the dishes to swirl the 
medium and spread the precipitate over the monolayer of cells. Incubate the cells for 20 min- 
utes at room temperature, rotating the dishes once during the incubation. 

7. Gently add 10 ml of warmed (37°C) growth medium to each dish and incubate for 6 hours 
at 37°C in a humidified incubator with an atmosphere of 5% CO r 

8. Repeat Steps 5-7 until all of the dishes of cells contain the calcium phosphate-DNA precip- 
itate. 

9. After 6 hours of incubation, examine each dish under a light microscope. A “peppery” pre- 
cipitate should be seen adhering to the cells. The precipitate should be neither too fine nor 
clumpy. 

Experience will dictate how a “peppery” precipitate looks under the microscope. Terminate the 
experiment with cells if a very fine or clumpy precipitate is visualized at this step. The failure to 
form a peppery precipitate at this step or a hazy solution at Step 5 could be due to the use of a 
HEPES-buffered saline solution of improper pH, an overly long incubation at Step 5, or a subop- 
timal concentration of CaCl 2 or DNA. 

1 0, In most cases, treatment with glycerol at this step will enhance the transfection frequency. To 
shock the cells with glycerol: 

a. Aspirate the medium containing the calcium phosphate-DNA coprecipitate. 

b. To each dish of cells, add 3 ml of 15% glycerol in lx HEPES-buffered saline that has been 
warmed to 37°C. Incubate for no longer than 3 minutes at room temperature. 

It is important that the glycerol in the HEPES-buffered saline not be left in contact with the 
cells for too long. The optimum time period usually spans a narrow range and varies from one 
cell line to another and from one laboratory to the next. For these reasons, treat only a few 
dishes at a time and take into account the length of time to aspirate the glycerol in the HEPES- 
buffered saline. Do not to exceed the optimum incubation period. Seconds can count! 

c. Aspirate the glycerol in the HEPES -buffered saline and rapidly wash the dishes twice with 
10 ml of warmed growth medium, 

d. Add 10 ml warmed growth medium and incubate the cultures for 12—15 hours at 37°C in 
a humidified incubator with an atmosphere of 5% C0 2 . 
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1 1 . Replace the medium with 10 ml of fresh growth medium. Continue the incubation overnight 
at 37°C in a humidified incubator with an atmosphere of 5% CO.,. 

12. Microscopic examination of cells at this point (day 4) should reveal a normal morphology. 
Cells can be trypsinized and replated in selective medium on day 4. Continue the incubation 
for 2-3 weeks to allow growth of complemented and/or resistant colonies. Change the medi- 
um every 2-3 days. 

The length of the selection period, the cell density of replating, and the selection conditions all 
depend on the mutation or gene being complemented or selected. Optimum cell density for replat- 
ing at Step 12 usually varies between 2.5 x 10 5 and 1 x 10 6 cells per 90-mm dish. Determine this 
parameter empirically by plating different numbers of cells without transfection and applying the 
kUh Cti ° n pr ° Cedure ' F ° r lo 8 LStical realms, use the highest density that still allows efficient cell 

Cotransfection (e.g., with a plasmid conferring G418 resistance) can be used to distinguish 
between transfectants and revertants. Because the reversion frequency for some mutant cell lines 
can be as high as KM (i.e., I per 1 million cells plated), false positives can be a problem. The trans- 
fection frequency is usually 2 x 10 7 , and the cotransfection frequency is The use of a selec- 
tion (e.g., G418 resistance) in conjunction with the mutation/gene selection should eliminate false 
positives. For further details, please see the information panel on COTRANSFORMATION. 

13. Thereafter, clone individual colonies and propagate them for assay (for methods, please see 
Jakoby and Pastan 1979 and Step 7d, p. 16.18). 

A permanent record of the numbers of colonies may be obtained by fixing the remaining cells with 
ice-cold methanol for 15 minutes followed by staining with 10% Giemsa for 15 minutes at room 
temperature before rinsing in tap water. The Giemsa stain should be freshly prepared in PBS or 
H 2 0 and filtered through Whatman No. 1 filter paper before use. 
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ALTERNATIVE PROTOCOL: CALCIUM-PHOSPHATE-MEDIATED TRANSFECTION OF 
ADHERENT CELLS 

This protocol can biased with all types of adherent rolls, btrtjs particularly useful for |>olarized:eprtbelial cells, 
which do not efficiently take up material by endocytosis through the apical plasma membrane. 



Additional Materials 

■ Exponentially growing adherent maiprrjalian cells, 
Sojvajl I rotor or equivalent 






Method 

1. Harvest exponentially growing adherent cells by trypsinizationa Resuspend the cells ingrowth medium con- 

lair ii >, - iii” and centrifuge aliquots containin U> ils at. tiOOc' (200( ::i in a S >r all 1 10001] r t r) 

.. lor 5 minutes . J ' Discard the supernatants 

2. Form the calcium phosphate-DNA eoprecipitatr? as described in Protocol 2, Step 2 if plasmid DNA is used 
or as described in Protocol 3 Step T if gr DNA is used. 



15 



-S' 










• example, Chu and Sharp H 08.1 ) j 



625 mM q 



0 n DNA In 

Hate the cells at a density of 5 x 10’ cells per l50Trirn dish 

^,-rned growth medium (With or without chloroquine, pi 
pen ion (~5 mi) in a srng|e90-mm tissue culture dish 



:■ ' - ' v , “ ion ' 

piopn.ilc selective- medium 

' 






’■ crcyi.-iyL 
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ALTERNATIVE PROTOCOL: CALCIUM-PHOSPHATE MEDIATED TRANSFECTION OF 
CELLS GROWING IN SUSPENSION .VxxfkxB/k'' - 

Atev\ coll lines grown suspension cultures fe.g., HeLa colls j ran he transit cted using the modilied calcium 
phosphate procedui described in Inis protocol However mos inos ot < -Ms grown in suspension an rests 
tant to calcium-phosphale-mediafed transfection methods. Intransigent cell lines are best transfected using 
cl or Irof. oration (Protocol 5) or lipofa lion (Piotocol 1). 

Additional Materials 

1 xponrntioily growing mammalian suspension Cells O 'r , > a 

Phosphatr-huttrreii sdme i PBS) •; po : : : :■ " A... . , . OBw! O ’ ; ’ 

Sotvall ill OUOB rotor o: cquorjbnt : a a x C' ■ a 



1. collect Cells from an exponentially gnawing suspension culture b> centrifugation at OWg (2000 rpm in a 
Sorvall HlOOOIi'to^./pr 5 minutes at 4«C. Discard the supernatant, and resuspend the cell pellet jn 20 
volumes of ice-cold PBS. Divide the suspension into aliquots containing 1 x 10 / cells each. Recover'thc 
washi-d i ('lls by rentrilligjlion as before, and again disr aid the supernatant. 

2. Form the calcium phosphatc^DNA dopreapjtate as- described in Protocol l t Step 2 if plasmid Dt^A is used 
tor transfection or as ties; ribed in Prolot ol .1 Step 5 if genomic SAHA i - used. 

K ife Iiatp q-J-au rvt>( m t pienpuc will pi srpid i >NA UK , , i,i r minPU 1. . pup, tie, vvlior.-n ll.ecojrt 
f dpitate containing genomic DNA takes -25 minutes to prepare. Execute the irtifidl Iwo steps of tills piotocol so that ' 

cells and coprAipitate are ready at the same lime. *■ A a < w 

S: Gently resuspend 1 v 10 7 cells in I ml of calcium phosphate DMA suspension (containing -20'pg of DNA.j. 
and allow the suspension to stand for 20 minutes at roiinr tempefature. i 

2. Steb.of.to a 



. growth n tedium (with of without chloiorjuine, please see Prolix ol 2 Step 1) to a k 
/tube of cells, and plate the entire suspension in a single <*) mm tissue culture dish. Incubate the cells-for 
6-24 hours at 37'C n a humidilnil inruhalor vwlh in ilmosphc ro ol > CO, 

5. (Optional for cells- known to survive a eh-cerol shock! At 4-6 hours ifter hrnmnmn si..n t ram, nut the tol 



temperatuie, and vvasli thm onte witli PBS. ^ - I 

b. Resuspend thewasbed celb 1 1 ** "■> — < Jiijiucc riArr- — J i — 

fcrs^Se”’"* “ 

- c. Dilute the siiswsision with 1 0 ml of pps^and recover the cells by centrifugation as described in sQf 
Wash riiecNfe,pfiGe jn PBS f - * ' J , £ 





Protocol 4 



Transfection Mediated by DEAE-Dextran: 
High-efficiency Method 



T HE FIRST TRANSFECTION meThods, developed IN THE LATE 1950s, used hyperosmotic and poiy- 
cationic proteins to promote entry of DNA into cells (for review, please see Feigner 1990). The 
results were erratic, and the efficiency of transfection was, at best. Very poor. The situation 
improved dramatically irt'the mid 1960s when DEAErdextran (diethylaminoethyl-dextran) was 
used to introduce poliovirus RNA (Pagano and Vaheri 1965) and SV40 and polyomavirus DNAs 
(McCutchan and Pagano 1968; Warden and Thorne 1968) into cells. The procedure, with slight 
modifications, continues to be widely used for transfection of cultured cells with viral genomes 
and recombinant plasmids. Although the mechanism of action of DEAE-dextran is not under- 
stood in detail, it seems likely that the high-molecular-weight positively charged polymer serves 
as a bridge between the negatively charged nucleic acid and the negatively charged surface of the 
cell (Lieber et al. 1987; Holter et al. 1989). After the DEAE-dextran/DNA complexes have been 
internalized by endocytosis (Ryser 1967; Yang and Yang 1997), the DNA somehow escapes from 
the increasingly acidic endosomes and is transported by unknown mechanisms across the cyto- 
plasm and into the nucleus. 

Transfection mediated by DEAE-dextran differs from calcium phosphate coprecipitation in 
three important respects. First, it is used for transient expression of cloned genes and not for sta- 
ble transformation of cells (Gluzman 1981). Second, it works very efficiently with lines of cells 
such as BSC-1 , CV-1, and COS but is unsatisfactory with many other types of cells. Third, small- 
er amounts of DNA are used for transfection with DEAE-dextran than with calcium phosphate 
coprecipitation. Maximal transfection efficiency of 10 5 simian cells is achieved with 0.1-1.0 pg of 
supercoiled plasmid DNA; larger amounts of DNA (>2-3 pg) can be inhibitory. By contrast to 
transfection mediated by calcium phosphate, where high concentrations of DNA are required to 
promote the formation of a coprecipitate, carrier DNA. is rarely used with the DEAE-dextran 
transfection method. 

; Since the method was introduced more than 20 years ago, many variants of DEAE-dextran 
transfection have been described. In most cases, the cells, are exposed to a preformed mixture of 
DNA and high-molecular- weight DEAE-dextran (m.w. >500,000). However, a modified proce- 
dure has been described in which the cells are exposed first to DEAE-dextran and then to DNA 
(al-Moslih and Dubes 1973; Holter et al. 1989). All of these methods seek to maximize the uptake 
of DNA and to minimize the cytotoxic effects of DEAE-dextran. The following are among the 
variables that influence the efficiency of transfection. 

• Concentration of DEAE-dextran used and length of time cells are exposed to it. It is possible 
to use either a relatively high concentration of DEAE-dextran (1 mg/ml) for short periods (30 
minutes to 1.5 hours) or a lower concentration (250 pg/ml) for longer periods of time (up to 
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8 hours). The first of these transfection procedures is the more efficient, but it involves moni- 
toring the cells for early signs of distress when they are exposed to the DN A / D HA E-dextran 
mixture. The second technique is less demanding and more reliable, but slightly less efficient. 
However, it can be combined with shock treatments (see below) that can raise the efficiency of 
transfection to very high levels. 

• Use of facilitators such as DMSO, chloroquinei or glycerol. The efficiency of transient expres- 
sion of genes introduced by DEAE transfection is increased -50-fold if cells are exposed to 
DMSO, glycerol, polyethyleneimine; or other substances such as Starburst dendrimers that 
. perturb osmosis and increase the efficiency of endocytosis (Lopata et al. 1984; Sussman and 
Milman 1984; Kukowska-Latello et al. 1996; Zauner et al. 1996; Godbey et al. 1999). A similar 
increase in efficiency of transfection of some lines of cultured cells may be obtained by expos- 
ing the transfected ceils to chloroquine, which prevents acidification of endosomes and pro- 
motes early release of DNA into the cytoplasm (Luthman and Magnusson 1983). In the best 
cases, 80% of the cells in a transfected population can express foreign genes when DEAE-dex- 
tran and facilitators are used in combination (e.g., please see Kluxen and Lubbert 1993). 
However, the efficiency of DNA transfection using DEAE-dextran with a facilitator varies 
greatly from cell line to cell line. Conditions that are optimal for one cell line may not work at 
all for another. To obtain consistently high efficiencies of transformation with a particular cell 
line, the following factors should be standardized: 

Density of cells and their state of growth. 

Amount of transfecting DNA. 

Concentration and molecular weight of DEAE-dextran. 

Length of time cells are exposed to DNA. 

Whether the DEAE-dextran and DNA are added to the cells simultaneously or sequentially 
(al-Moslih and Dubes 1973; Hotter et al. 1989). 

Length and temperature of the posttransfection facilitation and the concentration of the 
facilitating agent. 

Whether the cells are transfected while growing on a solid support or are first removed from 
the solid support and transfected in suspension (Golub et al. 1989). 

For publications that analyze the effects of some dr all of these conditions on transfection 
efficiency, please see Holter et al. (1989), Fregeau and Bleackley (1991), Kluxen and Lubbert 
( 1993 ) , and Luo and Saltzman ( 1 999), 

In addition to its use as a primary agent for transfection, DEAE-dextran can also be used as 
an adjuvant to enhance the efficiency of electroporation. Although the effects appear to vary from 
one cell line to another, the combination of electroporation and DEAE-dextran in some cases can 
improve the efficiency of transfection by a factor of 10-100 (Gauss and Leiber 1992). 

DNA transfected into cells by the DEAE-dextran method is prone to mutation. This is par- 
ticularly true of sequences cloned in vectors that can replicate in transfected marnmaliatt cells. For 
example, when the E. coli lacl gene, cloned in a plasmid containing an SV40 origin of replication, 
was introduced into COS-7 cells, allowed to replicate for several generations, and then returned 
to E. coli, mutations occurred at a frequency of one to several percent (Calos et al. 1983). Stunning 
in their variety, mutations induced during replication in mammalian cells include deletions, 
insertions, and base substitutions (Razzaque et al. 1983; Lebkowski et al. 1984; Ashman and 
Davidson 1985). These mutations are thought to arise as a consequence of damage caused by the 
action of degradative enzymes and low pH in the lysosoraes and also perhaps by the lack of a 
complete chromatin structure after the transfecting DNA enters the nucleus (Miller et al. 1984; 
Reeves et al. 1985). 




Protocol 4: Transfection Mediated by DEAE-Dextran: High-efficiency Method 16.29 



Here, we describe two variations on the classical DEAE-dextran transfection procedure. The 
first (main protocol) involves a brief exposure of cells to a high concentration of DEAE-dextran 
and yields higher transfection frequencies but elevated cellular toxicity. The second (please see the 
panel on ALTERNATIVE PROTOCOL: TRANSFECTION MEDIATED BY DEAE-DEXTRAN: INCREASED 
CELL VIABILITY at the end of this protocol) involves a longer exposure of cells to a lower concen- 
tration of DEAE-dextran, which produces lower transfection frequencies but increased cell sur- 
vival. 



TRANSFECTION OF COS CELLS 

The DEAE-dextran procedure is most often used to transfect simian COS cells. These cells were developed by 
Gluzman (1 981 ) and express the SV40 large T antigen (please see the information panel on COS CELLS in 
Chapter 11). Introduction of the SV40 origin of replication, typically by use of the SV40 early region promoter- 
enhancer/origin to express die gene or cDNA of interest, results in the amplification of the origin-containing 
plasmid to very high copy number (Gluzman 1 981 ). This amplification in turn produces a high level of expres- 
sion of the transfected cDNA or gene, but severely stresses and eventually kills cells that take up the plasmid. 
COS cells are thus usually used as transient transfection hosts and analyzed 48-72 hours posttransfection. 

The efficiency of DEAE-dextran-mediated transfection of COS cells is very high, often approaching 50% 
of the cells on a dish. For this reason, COS cells are frequently used in expression cloning (please see Chapter 
1 1 , Protocol 2). The high efficiency of transfection also allows multiple plasmids to be introduced simultane- 
ously into the cells. For example, entire intermediary metabolism pathways can be reconstituted in COS cells 
by introducing expression plasmids encoding individual enzymes in the pathway (Zuber et al. 1988). 



MATERIALS 



Buffers and Solutions 

Please see Appendix 1 for components of stock solutions, buffers, and reagents. 

Dilute stock solutions to the appropriate concentrations. 

Chloroquine diphosphate (100 mM) 

Dissolve 60 mg of chloroquine diphosphate in 1 ml of deionized distilled H 2 0. Sterilize the solution by 
passing it through a 0.22-|im filter. Store the filtrate in foil-wrapped tubes at -20°C. 

Please see the information panel on CHLOROQUINE DISPHOSPHATE. 

DEAE-dextran (50 mg/ml) 

Dissolve 100 mg of DEAE-dextran (M r = 500,000; Pharmacia) in 2 ml of distilled H 2 0. Sterilize the solu- 
tion by autoclaving for 20 minutes at 15 psi (1.05 kg/cm 2 ) on liquid cycle. Autoclaving also assists disso- 
lution of the polymer. 

The molecular weight of the DEAE-dextran originally used for transfection was >2 x 10 6 (McCutchan 
and Pagano 1968). Although this material is no longer available commercially, it is still occasionally 
found in chemical storerooms. The older batches of higher- molecular- weight DEAE-dextran are more 
efficient for transfection than the lower-molecular-weight polymers currently available. 
Phosphate-buffered saline (PBS) 

Sterilize the solution by filtration before use and store it at room temperature. 

Tris-buffered saline with dextrose (TBS-D) 

Immediately before use, add 20% (w/v) dextrose (prepared in H 2 0 arid sterilized by autoclaving or fil- 
tration) to the TBS solution. The final dextrose concentration should be 0.1% (v/v). 

Nucleic Acids and Oligonucleotides 

Plasmid DNA 

To obtain the highest transformation efficiencies, purify the plasmid DNAs by column chromatography 
(please see Chapter 1, Protocol 9) or by equilibrium centrifugation in CsCl-ethidium bromide density 
gradients (please see Chapter 1, Protocol 10). 

Media 

Cell culture growth medium (complete and serum-free) 
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Special Equipment 

Tissue culture dishes (60-mm or 35-mm) 

This protocol is designed for cells grown in 60-mm or 35-mm culture dishes. If multiwell plates, flasks, 
or dishes of a different diameter are used, scale the cell density and reagent volumes accordingly. Please 
see Table 16-3. 

Additional Reagents 

Step 8 of this protocol requires the reagents listed in Chapter 6, Protocol 1, and Chapter 7, 
Protocol 8. 

Cells and Tissues 

Exponentially growing cultures of mammalian cells 



DEAE-DEXTRAN TRANSFECTION KITS 

Several manufacturers sell kits that provide all of the materials listed in this protocol (e.g., ProFection 
Mammalian Transfection System from Promega). These kits are somewhat expensive (reagent cost is about 
$1 per 60-mm dish), but they serve as a useful source of control reagents when performing DEAE-dextran 
transfection experiments for the first time. 



METHOD 



1 . Twenty- four hours before transfection, harvest exponentially growing cells by trypsinization 
and transfer them to 60-mm tissue culture dishes at a density of 10 s cells/dish (or 35-mm 
dishes at a density of 5 x 10 4 cells/dish). Add 5 ml (or 3 ml for 35-mm dish) of complete 
growth medium, and incubate the cultures for 20-24 hours at 37°C in a humidified incuba- 
tor with an atmosphere of 5-7% CO r 

The cells should be ~75% confluent at the time of transfection. If the cells are grown for <12 hours 
before transfection, they will not be well anchored to the substratum and are more likely to detach 
during exposure to DEAE-dextran. 

2. Prepare the DNA/DEAE-dextran/TBS-D solution by mixing 0.1—4 u.g of supercoiled or cir- 
cular plasmid DNA into 1 mg/ml DEAE-dextran in TBS-D. 

0.25 ml of the solution is required for each 60-mm dish; 0. 15 ml is required for each 35-mm dish. 

The amount of DNA required to achieve maximal levels of transient expression depends on the 
exact nature of the construct and should be determined in preliminary experiments. If the con- 
struct carries a replicon that will function in the transfected cells (e.g., the SV40 early region pro- 
moter/origin of replication), 100-200 ng of DNA per 10 5 cells should be sufficient; if no replicon 
is present, larger amounts of DNA maybe required (up to 1 jig per 10 5 cells). 

3. Remove the medium from the cell culture dishes by aspiration, and wash the monolayers 
twice with warmed (37°C) PBS and once with warmed TBS-D. 

4. Add the DNA/DEAE-dextran/TBS-D solution (250 pi per 60-mm dish, 150 pi per 35-mm 
dish). Rock the dishes gently to spread the solution evenly across the monolayer of cells. 
Return the cultures to the incubator for 30-90 minutes (the time will depend on the sensi- 
tivity of each batch of cells to the DNA/DEAE-dextran/TBS-D solution). At 15-20-minute 
intervals, remove the dishes from the incubator, swirl them gently, and check the appearance 
of the cells under the microscope. If the cells are still firmly attached to the substratum, con- 

tinue the incubation. Stop the incubation when the cells begin to shrink and round up. 
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5. Remove the DNA/DEAE-dextran/TBS-D solution by aspiration. Gently wash the monolayers 
once with warmed TBS-D and then once with warmed PBS, taking care not to dislodge the 
transfected cells. 

6. Add 5 ml (per 60-mm dish) or 3 ml (per 35 mm dish) of warmed medium supplemented 
with serum and chloroquine (100 uM final concentration), and incubate the cultures for 3-5 
hours at 37°C in a humidified incubator with an atmosphere of 5-7% CO r 

The efficiency of transfection is increased severalfold by treatment with chloroquine, which may 
act by inhibiting the degradation of the DNA by lysosomal hydrolases (Luthman and Magnusson 
1983). Note, however, that the cytotoxic effects of a combination of DEAE-dextran and chloro- 
quine can be severe. It is therefore important to carry out preliminary experiments to determine 
the maximum permissible length of exposure to chloroquine after treatment of cells with DEAE- 
dextran (for further details, please see the information panel on CHOROQUINE DIPHOS- 
PHATE). 

7. Remove the medium by aspiration, and wash the monolayers three times with serum-free 
medium. Add to the cells 5 ml (per 60-mm dish) or 3 ml (per 35-mm dish) of medium sup- 
plemented with serum, and incubate the cultures for 36-60 hours at 37°C in a humidified 
incubator with an atmosphere of 5-7% C0 2 before assaying for transient expression of the 
transfected DNA. 

The time of incubation should be optimized for the particular cell line and construct under study. 

8. To assay the transfected cells for transient expression of the introduced DNA, harvest the cells 
36-60 hours after transfection. Analyze RNA or DNA using hybridization. Analyze newly 
synthesized protein by radioimmunoassay, by immunoblotting, by immunoprecipitation fol- 
lowing in vivo metabolic labeling, or by assays of enzymatic activity in cell extracts. 

To minimize dish-to-dish variation in transfection efficiency, it is best to (i) transfect several dish- 
es with each construct, (ii) trypsinize the cells for 24 hours of incubation, (iii) pool the cells, and 
(iv) replate them on several dishes. 



Protocol 5 

DNA Transfection by Electroporation 



P 

■ ULSED ELECTRICAL FIELDS CAM BE USED TO INTRODUCE DNA into a variety of animal cells 
(Neumann etal. 1982; Wong and Neumann 1982; Potter etal. 1984; Sugden et al. 1985; Toneguzzo 
et al. 1986; Tur-Kaspa et al. 1986), plant cells (Fromm et al. 1985, 1986; Ecker and Davis 1986), 
and bacteria. Electroporation works well with cell lines that are refractive to other techniques, 
such as calcium phosphate-DNA coprecipitation. But, as with other transfection methods, the 
optimal conditions for electroporating DNA into untested cell lines must be determined empiri- 
cally. 

The efficiency of transfection by electroporation is influenced by a number of factors as 
described below. 

• Strength of the applied electric field. At low voltage, the plasma membranes of cultured cells 
are not sufficiently.altered to allow passage of DNA molecules; at higher voltage, the cells are 
irreversibly damaged. For most lines of mammalian cells, the maximal level of transient 
expression is reached when voltages between 250 V/cm and 750 V/cm are applied. Typically, 
between 20% and 50% of the cells survive this treatment (as measured by exclusion of trypan 
blue (Patterson 1979; Baum et al. 1994]). 

• Length of the electric pulse. Usually, a single electric pulse is passed through the cells. The 
length, field shape, and strength of the pulse are determined by the capacitance of the power 
supply and the dimensions of the cuvette. Some electroporation devices grant the investigator 
control over the characteristics of the pulse; others do not. The optimal length of the electric 
pulse required for electroporation is 20-100 msec. 

• Temperature. Some investigators report that maximal levels of transient expression are 
obtained when the cells are maintained at room temperature during electroporation (Chu et 
al. 1987); others have obtained better results when the cells are maintained at 0°C (Reiss et al. 
1986). These discrepancies may result from differences in the responses of various types of 
mammalian cells to the passage of electric current or in the amount of heat generated during 
electroporation when large electrical voltages (>1000 V/cm) and/or extended electric pulses 
(>100 msec) are used. The efficiency of transient expression is increased if the cells are incu- 
bated for 1-2 minutes in the electroporation chamber after exposure to the electric pulse 
(Rabussay et al. 1987). 
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• Conformation and concentration of DNA. Although both linear and circular DNAs can be 
transfected by electroporation, higher levels of both transient expression and stable transfor- 
mation are obtained when linear DNA is used (Neumann et al. 1982; Potter et al 1984; 
Toneguzzo et aL 1986). Effective transfection has been obtained with concentrations of DNA 
ranging from 1 pg/ml to 40 pg/ml. 

• Ionic composition of the medium. The efficiency of transfection is manyfold higher when the 
cells are suspended in buffered salt solutions (e.g., HEPES-buffered saline) rather than in 
buffered solutions of nonionic substances such as mannitol or sucrose (Rabussay et al. 1987). 

A number of different electroporation instruments are available commercially, and the 
manufacturers supply detailed protocols for their use. The following method is adapted from a 
protocol provided by Jennifer Cuthbert and Rhonda Bassel-Duby (University of Texas 
Southwestern Medical Center, Dallas) and from Baum et al. (1994). 

For a review of methods for the introduction of DNA molecules into eukaryotic cells by 
electroporation, please see Andreason and Evans (1988); for a discussion of the use of electropo- 
ration to introduce DNA into bacterial cells, please see Chapter 1 , Protocol 26; and for further 
information on the mechanism of electroporation and optimization, please see the information 
panel on ELECTROPORATION. 



MATERIALS 



CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>. 

Buffers and Solutions 

Please see Appendix 1 for components of stock solutions, buffers, and reagents. 

Dilute stock solutions to the appropriate concentrations. 

Giemsa stain (1 0% w/v) 

The Giemsa stain should be freshly prepared in phosphate-buffered saline or H 2 0 and filtered through 
Whatman No. 1 filter paper before use. 

Methanol <!> 

Phosphate-buffered saline (PBS) 

Sterilize the solution by filtration before use and store it at room temperature. 

Sodium butyrate (500 mM) (optional) 

In a chemical fume hood, bring an aliquot of stock butyric acid solution to a pH of 7.0 with 10 N NaOH. 
Sterilize the solution by passing it through a 0.22-pm filter; store the filtrate at -20°C. 

Nucleic Acids and Oligonucleotides 

Carrier DNA (10 mg/ml; e.g., sonicated salmon sperm DNA) (optional) 

Linearized or circular plasmid DNA (1 yg/yj in sterile deionized HfO ) 

Media _ 

Cell culture growth medium (complete and [optional] selective) 

Centrifuges and Rotors 

Sorvall H1000B rotor or equivalent 



